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RESPONSES AND ADAPTATIONS OF ROUT GROWTH AND METABOLISM TO LOW TEMPERATURES. 
A bstract. A comparative study o f  the carbohydrate metabolism o f  roots  o f  
pea (P imm s.atijaju v a r .  Meteor) and maiza (Zoa. mXM. va r  KSiXelm fl lery) 
seed lin g s  was undertaken a t  low temperatures (R-ld^C) with the aim o f  
demonstrating d if fe re n c e s  between th ese  sp ecies  which may be assoc ia ted  
with the d if fe r in g  growth capac&ies o f  th e ir  roots  over t h i s  temperature 
range. Pea roots displayed l in ea r  growth r a te s  at a l l  temperatures te s ted  
whereas maize roots  ceased growth over f iv e  days at temperatures below
At the resp ec t iv e  temperatures which were minimal for root growth 
o f  the two sp e c ie s ,  roots  behaved s im ila r ly  with regards to  so luble  sugar 
content; f i r s t l y ,  t o t a l  content was maintained in  the ro o ts  a t  the i n i t i a l  
l e v e l ,  and secondly, sucrose content was at i t s  h igh est value and g lucose  
content a t  i t s  low est . With r i s e  in  temperature sucrose content declined  
while g lucose  content increased . In maize roots kept a t  those temperatures 
where growth was not sustained t h i s  r e la t io n sh ip  broke down. T otal sugar
content o f  the roots  was not maintained, glucose content was abnormally 
high and sucrose content very low. S im ila r ly ,  resp ira tio n  rate  o f  maize 
roots  a t  2QC was abnormally low,
When seed lin g s  were grown with roots  bathed in  an extern al so lu t io n
o f  g lucose at (or o f  g lucose or o f  sucrose a t  60C), the disturbances  
to  sugar metabolism and resp ira t io n  rate  o f  maize roots  were p a r t ia l ly  
a l le v ia te d  and t h i s  was assoc ia ted  with a greater  amount o f  growth made 
by the r o o ts .
Examination o f  the a c t i v i t y  and Km o f  acid in vertase  extracted  
from the roots  and p a r t ia l ly  p u r if ie d ,  showed th at the sucrose le v e l s  in  rootr
o f  both sp ec ie s  were in v erse ly  re la ted  to  invertase  a c t i v i t y .  However
in  pee; but not in  maize roots* Km values for in vertase  showed a lowering 
in  value a f te r  growth o f  seed lin gs  a t  20C compared with 2Q0C. Furthermore, 
in  pea* a f t e r  growth o f  seed lin gs  a t  14 or 20C Km determined at was
ProQuest Number: 10167155
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 10167155
Published by ProQuest LLO (2017). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
s ig n i f i c a n t ly  lower than when determined at IdQC. These properties  are o f
adaptive s ig n if ica n ce  a t  low temperatures s ince  they w i l l  act to  maintain
an appreciable reaction  r a te .  S h i f t s  in  Km o f  a homeostatic nature with
respect to  temperature were not recorded for invertase  from maize roots
and in  t h is  sp ec ie s  the fa i lu r e  to  control in vertase  a c t iv i t y  at low 
temperatures with consequent dep le tion  o f  sucrose may be assoc ia ted  with the  
i n a b i l i t y  of t h i s  sp ec ies  to  show sustained growth at ROC,
Examination o f  the Km o f  MUH lik ew ise  revealed a s h i f t  in  Km value  
tending to  buffer the e f f e c t  o f  temperature on reaction  ro te  for  MDH from 
pea but not from maize r o o ts .
T. J .  Huxter,
Department o f  Botany, 
U n iversity  o f  S t ,  Andrews, 
S t ,  Andrews,
F i f e ,
Scotland,
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CHAPTER 1 
INTRODUCTION
t
In many temperate regions of the world the successfu l  
production of certa in  crop plants Is impossible because, early  
in the growing season, cold temperatures in the s o i l  retard  
germination of seeds and subsequent root growth. In B rita in ,  
maize i s  an example of such a p lant. Only a few v a r ie t ie s  can 
be grown and the plants"'are usually  harvested when young as a 
forage crop since mature cob-bearing plants do not have s u f f ic ie n t  
time to develop (Milbourn, 1972),
Although the B rit ish  summer, at le a s t  in  southern England, 
i s  favourable for the growth of maize, the cold s i ie l ls  in  early  
spring at the time of planting severely  retard seedling  
establishm ent. This behaviour, of course, r e f le c t s  the semi- 
trop ica l ancestors of modern maize and contrasts with crop plants  
orig inating  from temperate regions of the world, e . g . :  cerea ls
such as oats and wheat, and legumes, peas and beans. These crops . 
can be planted su ccessfu lly  in early  spring and show good 
germination and seedling growth.
In these f i e ld  s i tu a t io n s ,  the causes of a low percentage 
germination have been thoroughly investigated  by Harper (1954, ;
1955, and 1956), The low temperatures by themselves may not be 
the prime cause. Planting i s  often  in cold wet s o i l s  and often i
heavy pre-emergence m ortality  i s  then pathogen induced, A review ^■1by Wernhara (1951) in d icates  the range of pathogens in the s o i l
known to be ac tive  in causing seedling b ligh t at low temperatures#
Once seeds have germinated, however, and at le a s t  the rad ic le  
has become esta b lish ed , the e f f e c t s  o f  low temperatures (O-IO^C) 
on the subsequent growth and metabolism of roots has not been 
e x ten s iv e ly  in v est ig a ted . Yet th is  i s  an area o f study which may ' 
be of considerable ben efit  to  the production, in B rita in , of crop 
plants orig inating  from warmer areas of the world. Also, such a 
study may provide an in s igh t in to  ways in which low temperatures 
a f fe c t  root metabolism. Early root growth i s  a phase of development 
particu larly  su itab le  for  the study of temperature e f f e c t s  s in ce ,  
at th is  early stage , the root system i s  small and has a definable  
nutrient supply, the reserves of the seed. In older plants the 
complexity of the root system makes a study of i t s  growth d i f f i c u l t ,  
and factors which a f fe c t  the capacity of the shoot to supply 
nutrients to the roots ( e .g . :  factors  which a f fe c t  photosynthesis)  
w i l l  have an influence on root growth independent o f any 
experimental treatment to which the roots might be subjected.
Roots of d if fe re n t  species  d isp lay  a wide range of  
temperatures which are the minimum at which growth occurs (Table 1 ) .  
I t  i s  not at f i r s t  obvious why th is  should be so, why, that i s ,  
growth should not proceed at some p o s it iv e  rate at temperatures 
above the freezing  point of water. All the biochemical reactions  
involved in metabolism might be expected to function at l^C as 
they do at 20®C, only at a slower ra te .  Several reasons can, 
however, be suggested for d if fe re n t  minimum growth temperatures 
(L ev itt  1969):
1, One or more metabolic processes e s s e n t ia l  for  growth may stop 
at a particular low temperature,
2 , A minimum rate of metabolism may be necessary to produce
' 71: f'-T" - r  r # n r .;
Tnble !♦ Tlie jowxist temiieralare recorded _for r^ emergence 
nnd normal seedlinn production in a se lec t io n  of vegetable  
snecies  (Kotowski 1926* Harrington 1962) .
Lowest temperature recorded for;
3 .
Species
Radicle
Emergence
% of  
sample
Normal
seed l ings
^C.
% of
sample
Lactuca s a t iv a  L, 0 99 0 98
Spinacia  o le ra c e a L » 0 91 0 83
Pas t inacea  s a t i v a  L, 0 90 0 51
Allium cepa L. 0 98 0 90
B rass ica  rape L. 0 1 0 1
Pi sum sativum L. - ■ - 4 84 '
Raphanus sa t iv u s  L* - - 4 > 4 2 '
Daucus caro ta  L. 5 48 5 ■ 48
Zea mays L, ' 5 2 10 47 ■
Asparagus o f f i c i n a l i s  L, 5 52 10 61
Hibiscus  escu len tus  L. 5 31 15 74
Beta v u lg a r i s  L, 4 - 8 100
Brass ica  o le racea  L. 
var c a p i t a t a
4 8
»
70 -
Brass ica  o le racea  L, 
var b o t r y t i s
4 - 0 50
Petroselinum crispurn Nym, - 8 55
Lycopersicon esculentum 
M i l l .
10 92 • 30 82
Capsicum f ru te scen s  L* 10 . 90 10 1
Cucumis sativus L, 10 3 15 95
Phaseolus v u lg a r i s  L* 11 • - 10 92
Solanuin melongena L* - - 10 21
Cucumis melo L. - “ 18 38
Phaseolus l imens is  Macf* - 18 60
;1
Î
1
* v f'?}
s u f f ic ie n t  energy for growth. The slow rate induced by low 
temperatures may only r esu lt  in s u f f ic ie n t  energy production for  
c e l l  maintenance and not for growth (Farrell and Rose, 1967).
3 . Respiration may be uncoupled from growth at low temperatures,
4 , Low temperatures may cause structural changes within c e l l s ,  
e . g . :  conformational changes in membrane l ip id s .
These four possib le  reasons i l lu s t r a t e  the two prime 
e f f e c t s  which low temperatures have on l iv in g  systems, e f f e c t s  on 
rates of reactions and e f f e c t s  on c e l lu la r  s tructures . Thus 1, 
and 2. are concerned with the low rates of biochemical reactions  
induced by low temperatures* while 3 . and 4 , are concerned with 
structural changes within c e l l s  that may occur at low temperatures.
More evidence showing that low temperatures a f f e c t  growth 
through these mechanisms has come from micro-organisms than 
higher p lants . The availab le  evidence for each of the 
p o s s ib i l i t i e s  i s  b r ie f ly  discussed below,
1, Cessation of a particular reaction at low temperatures
The vast majority of biochemical reactions occurlng in  
l iv in g  orggnisqs are catalysed by enzymes. A given low temperature 
may act in two ways to cause the cessa tion  of enzyme a c t iv i t y .  The 
sy n th es is .o f  the enzyme may stop or the enzyme may be present in  
the c e l l  but in activa ted . How th is  may occur in higher plants can 
be speculated from experiments with micro-organisms.
Dealing f i r s t  with enzyme sy n th es is , i t  has been shown 
that the s e n s i t iv i t y  to temperature of many of the regulatory  
processes of enzyme synthesis  i s  much greater than the s e n s i t iv i t y  
of the majority of other metabolic processes in micro-organisms
6 .
(Langridge and McWilllam 1967). Thus tryptophane induces '{
• 3tryptophanase synthesis  in  E. c o l l  a t  30% but not at temperatures 
below 15% (Ng and Gartner 1963). Glutamic acid decarboxylase 
synthesis  by E. Coll requires the presence o f  the substrate  
above 30% but below th is  temperature the enzyme i s  synthesised  
co n s t! tu t iv e ly  (Halpern, 1961). A third example from E. c o l i  was a 
temperature s e n s i t iv e  mutant iso la ted  by Gallant and Stapleton  
(1963). Alkaline phosphatase was synthesised c o n s t! tu t iv e ly  at  
high temperatures but below 21% synthesis  o f  the enzyme was 
repressed by a high inorganic phosphate concentration in  the c e l l .
In wild-type s tra in s  the synthesis  o f  such inducible and 
rep ressib le  enzymes has been shown to be controlled by the - 
in terac tion  of s p e c i f ic  m etabolites , inducers or corepressors,  
with s p e c i f ic  cytoplasm !cally d iffused  gene products termed ,
aporepressors (Jacob and Monod, 1961). Conceivably, low
temperature could a l te r  one o f a t  le a s t  three reactions involving
, *the aporepressor, a) the rate o f  production o f  the aporepressor, 
b) the in teraction  o f  a s p e c i f ic  aporepressor with i t s  particular  
inducer or corepressor, c )  the a c t iv i t y  o f the "activated aporepressor" 
at the s i t e  o f  enzyme sy n th es is ,  these a ltera tio n s  resu lt in g  in  lo s s  
o f  synthesis o f  an enzyme c r i t i c a l  for continued growth. *
An example o f  a temperature-induced disturbance in  the 
metabolism of a higher plant comes from the work of Ketallapper  
(1963). The ph ysio log ica l bas is  for th is  upset has been p a r t ia l ly  
traced. His work followed the pioneer work o f Bonner (1957), who 
proposed that climate a f f e c ts  s p e c i f ic  biochemical even ts ,  and that  
non-optimal conditions cause a shortage o f  one or more meta­
b o l i t e s .  This condition could a r ise  i f  a particular enzyme stopped
I
functioning as temperature dropped below a c r i t i c a l  value . He 
further suggested that i t  should be possib le  to  overcome such 
d e f ic ie n c ie s  by external supplements. Ketallapper demonstrated, 
for pea (Pisum sativum L .) .  that spraying plants with a sucrose 
so lu tion  over a four week period could o f f s e t  a reduction in the 
dry weight of the plants caused by an unfavourable temperature 
regime. At the end of the experimental period the dry weight of  
treated plants was the same as a control group of plants grown at a 
temperature regime previously found to give the grea test  dry 
. weight increase over the four week period. The apparent sucrose 
shortage was thought to be due to e ith e r  impaired photosynthesis or•i
increased resp ira tion , A measurement of these two factors  under 
the two temperature regimes revealed that carbon dioxide f ix a t io n  
was very low at the unfavourable temperature compared with the 
"optimum** condition . Further experiments shoived that vitamin B, 
ribonucleotide mixtures and vitamin C could promote growth under 
certa in  other unfavourable temperature regimes compared with no 
promotion of growth under "optimal" conditions. In th is  example the 
data are not s u f f ic ie n t  to decide i f  a s ing le  metabolic step has 
been inactivated  at the temperatures employed.
The second p o s s ib i l i t y ,  that a particular reaction may 
cease at a sp e c if ic  low temperature because of enzyme in a c t iv a t io n .
. has received a tten tion  recently; (Brandts, 1967; L e v i t t ,  1969),
They suggest that enzymes can be denatured by low temperatures as 
they can by high temperatures. The minimum temperature for growth 
of a species  could r e f le c t  the temperature at which the enzyme 
most sen s it iv e  to low temperature undergoes dénaturation, Brandts 
discussed the way temperature changes a f f e c t  the strength of two 
. physical bonds which are very important for enzyme conformation,
-L
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the hydrogen bond and the hydrophobic bond. The strength of 
hydrogen bonds i s  unaffected by temperatures between 0 and 30% 
but the strength of hydrophobic bonds decreases with temperature 
over th is  range. The degree of unfolding of an enzyme and the 
temperature at which th is  occurs depends on the proportion of  
hydrophobic to  hydrogen bonds for any particular enzyme. In turn, 
enzyme a c t iv i ty  i s  known to depend on a s p e c if ic  fo ld ing  of i t s  
component polypeptide chains, thus enzyme a c t iv i ty  at low tempera­
tures may be d ir e c t ly  related  to the hydrophobic: hydrogen bond 
r a t io .  I f  th is  i s  high the enzyme w i l l  be r e la t iv e ly  unfolded and 
therefore r e la t iv e ly  in active  and i f  the ra tio  i s  low r e la t iv e ly  
greater a c t iv i ty  can be expected at low temperatures. Because 
of the technical d i f f i c u l t i e s  involved in  in vest iga tin g  th is  
hypothesis no examples have yet been reported where a minimum 
temperature for growth i s  a ttr ib u tab le  to the dénaturation of a 
of a sp e c if ic  enzyme.
An enzyme may be inactivated  by low temperatures by 
means other than conformational change. Thus, where two 
reactions compete for the same substrate a decrease in temperature 
w i l l  favour the a c t iv i ty  of the enzyme with the lower activa tion  • 
energy (Langridge 1963), I f  the d ifference  in a c t iva tion  energy 
of the enzymes i s  large one reaction may cease to  function , and th is  
rate  imbalance may resu lt  in growth in h ib it io n .
Another form of enzyme in h ib it io n  at low temperature, 
demonstrated in É. c o l i . i s  the m odification of an e x is t in g  
mechanism contro llin g  rate of reaction , end product in h ib it io n  
(Ingraham and Maaloe, 1967), A cold sen s it iv e  mutant required 
h is t id in e  for  growth to occur at temperatures below 20%. Apart 
from th is  the s tra in  was w ild-type in character. I t  was found in 
the mutant that E^ R-ATP pyrophosphorylase (the f i r s t  enzyme in the
7 ,
sequence of enzymes responsible for h is t id in e  b iosyn th esis )  was 
1000 times more se n s it iv e  to  feed back in h ib it ion  by h is t id in e  than 
the enzyme in the wild type* Moreover, at warmer temperatures 
(greater than 20%) feed-back Inh ib ition  of enzym e-activity by ' 
h is t id in e  was le s s  marked than at colder temperatures in both the- 
wild-type and c o ld -se n s it iv e  s tr a in s .  In the la t t e r  the greater  
s e n s i t iv i t y  to feed-back in h ib it io n  at low temperatures in combi­
nation with the much greater s e n s i t iv i t y  to h is t id in e  concentration ‘ 
by the mutant enzyme reduced the h is t id in e  concentration in the 
c e l l s  of the c o ld -s e n s it iv e  mutant to  a value in s u f f ic ie n t  to  
allow growth to occur*
2, A base rate for metabolism s u f f i c ie n t  for c e l l  maintenance but 
not for growth.
An ind ication  that energy production i s  s u f f i c i e n t ,  at a 
particular temperature, only for c e l l  maintenance and not for  
growth, may come from experiments designed to increase energy 
production. Energy production, in c e l lu la r  terms, means production 
of high-energy phosphate compounds to drive b iosynthetic  reaction s.  
These compounds are produced at a rate dependent on resp iration  
ra te .  Thus i t  i s  useful to  find the consequences of increased  
resp ira tion  rate for growth, at any s p e c if ic  low temperature. 
Respiration rate may be increased i f ,  for example, i t  i s  substrate  
lim ited (p ossib ly  because production or transport of sucrose or i t s  
conversion to hexose i s  l im it in g ) ,  by substrate feeding. I f  th is  " 
increased resp iration  rate i s  accompanied by a resumption or 
Increase in growth then a sp e c i f ic  e f f e c t  of temperature on meta­
bolism has been iso lated*  Very few experiments have been designed 
to  in vest iga te  th is  p o s s ib i l i t y  but those of Rose and Evison (see
■ 77' ,  i f ' '  ’ ; . v : V  < r . / T . ' ' '  -  y ' q  ■ - •■■' S  ' ' . 7 - 'V - .  ' . : v ^  - T . ÿ *  ;• ‘  '  '  '
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Fn rrell and Rose, 1967) y ie ld  in terest in g  r e s u l t s .  They found 
that the minimum temperatures for growth of a mesophilic species  
of Arthrobacter and Candida approximated to the resp ective  
temperatures at which the organisms were unable to  resp ire  exo­
genously supplied g lucose. The in a b i l i ty  of the organisms to  
u t i l i s e  glucose may have been because, at the low temperature 
employed, resp ira tion , u t i l i s i n g  in ternal substrates, was unable 
to  provide s u f f ic ie n t  energy for  the uptake of the g lucose, with 
the consequent cessa tion  of growth from lack o f a carbon source.
On returning to  warmer temperatures the organisms resumed growth 
thus the low temperature treatment had not disrupted metabolism, 
in  particular resp ira tion , ir r e v e r s ib ly ,  but the low rate  induced 
was not s u f f ic ie n t  to provide energy for uptake and growth.
3 .  Low temperature uncoupling of resp ira t io n .
The occurrence of respiratory uncoupling ( i . e . ;  e lectron  
transport without oxidative phosphorylation) at low temperatures 
has not reveived as much in v es t ig a t io n  as at high temperatures (the  
la t t e r  i s  discussed by Ward, 1960). In both cases growth i s  
stopped or severely  retarded because of fa i lu re  in  the supply of  
high energy phosphate compounds. In one reported in v est ig a tio n  of  
low temperature uncoupling Creencia and Bramlage (1971), working 
with f l i n t  corn (Zea mays var indurata), found that exposure of 
seedlings to 0,3% caused v isu a l injury to leaves a f ter  36 hr.
This was accompanied by a r ise  in oxygen uptake by c h i l le d  lea f  
segments compared with controls  ( in  both cases oxygeh uptake was 
determined at 25% but the experimental plants had previously been 
kept at the c h i l l in g  temperature), 2,4-DNP stimulated oxygen uptake
1 0 .
only in  the contro l, . *In lea f  segments from c h i l le d  seedlings returned to 21 C, 
oxygen uptake gradually s ta b i l i s e d  to  the le v e l  of the control and 
2,4-DNP was then e f f e c t iv e  in stim ulating oxygen uptake both in »
the ch il le d  and control m aterial. These r e su lt s  ind icate  that the 
uncoupling agent was only e f f e c t iv e  on plants kept at the warm 
temperature. At the c h i l l in g  temperature natural uncoupling was 
occurring but i f  the c h i l l in g  period was r e la t iv e ly  short the 
coupling of resp iration  was restored at the warm temperature. How­
ever , uncoupling was not detectable  immediately following Introduction  
to  the c h i l l in g  temperature. After 12 hr no uncoupling was 
apparent. I t  only became apparent between 12 and 36 hr and so may 
only be a secondary symptom of the physio logical e f f e c t s  caused by 
the low temperature,
4 ,  Structural changes in membranes at low temperatures.
Recently the p o s s ib i l i t y  that structural changes within  
membranes, induced by low temperatures, may be responsible for  
d if fe re n t  minimum growth temperatures has received much in v e s t i ­
gation (F arrell and Rose, 1967), The composition o f  membrane l ip id s  
i s  thought to be of c r i t i c a l  importance in determining how the 
membrance w i l l  behave at low temperatures. Unsaturated fa t ty  acid 
d er iva tives  confer much more f l e x i b i l i t y  on membranes than 
saturated fa t ty  ac id s , and th is  becomes important at colder  
temperatures. Thus Lyons and Raison (1970) and Lyons e t  al* (1964) 
compared mitochondria from a ser ie s  o f  c h i l l  r e s is ta n t  and c h i l l  
s e n s i t iv e  vegetables and found that the mole-fraction of  
unsaturated fa t ty  acid in the mitochondria of c h i l l  r e s is ta n t  plants
1 1 .
was greater than In c h i l l  s e n s i t iv e  p lants . This correlated with a 
greater capacity of the mitochondria to swell in various so lutions  
( i . e . :  with greater f l e x i b i l i t y ) ,  and with a QIO value for
resp iration  which was constant over the temperature range 1 ,5-25% .
The QIO for the c h i l l  s e n s i t iv e  vegetables was constant above 10% 
but below th is  temperature the QIC value rose considerably. Thus 
resp iration  rate dropped o f f  abruptly at colder temperatures.
They suggest that the lipoprote in  complex composing the 
mitochondrial membrane i s  on the borderline of a rev ers ib le  phase 
tra n s it io n  from a l iq u id -c r y s ta l l in e  structure to a congel. As 
temperature f a l l s  to  a c r i t i c a l  value the hydrocarbon chains 
c r y s t a l l i s e  abruptly and there i s  then a modification o f physio logical  
function in  the c h i l l  s e n s i t iv e  p lants , A marked f a l l  in resp iration  
i s  one manifestation of t h i s .  The higher unsaturated fa t ty  acid 
content of the mitochondrial membranes of the c h i l l  r e s is ta n t  plants  
i s  s u f f ic ie n t  for these membranes not to undergo th is  c r y s t a l l l -
•'Isation  u n ti l  a much lower temperature i s  reached, j
Recently an extensive  survey of the leaves of c h i l l  
se n s it iv e  (CSP) and c h i l l  r e s is ta n t  (CRP) plants by Wilson and 
Crawford (1974 a and b) revealed s ig n if ic a n t ly  more unsaturated 
fa t ty -a c id  in the phopholipld fraction  o f leaves from the CRP * 
as compared with the CgP and, most important, hardening of CRP at .
12% was accompanied by an increase in the amount of unsaturated 
fa t ty  acid In the phospholipid fra c t io n . Their work points to a 
disturbance in fa t ty  acid metabolism as the cause of c h i l l in g  
damage in c h i l l  s e n s it iv e  p lants. The percentage of l in o le n lc  acid 
and the to ta l  fa t ty  acid decreases markedly in these plants when 
they ore kept at 5% , Hardening i s  thought to slow these detrimental 
processes and thus reduce the degree of damage, ,
Other authors have postulated an e f f e c t  of low temperature g
on membrane structure* Baxter and Gibbons (1962) suggested that 
the membrane transport systems of mesophilic and psychrophllic  
(cold adapted) microorganisms are a ffected  d if fe r e n t ly  by low I
temperature. They worked with s tra in s  of Candida (a y e a s t ) .  The 
psychrophile respired endogenous reserves at a greater rate than 
the mesophile at a l l  temperatures up to 30%. The psychrophile 1
oxidised exogenously supplied glucose at appreciable rates  at 0% 
whereas the mesophile fa i le d  to  do so below 10%, F in a l ly ,  in  
uptake stud ies using glucosamine the psychrophile showed a high rate  
of uptake at 0 and 10%, whereas uptake by the mesophile was not ‘ |
appreciable below 20%, Thus they suggested that only the psychro- 
phi le  could transport so lu tes  at the lower temperatures and thus 
disp lay  a much higher growth rate under these conditions.
From the examples discussed above several ph ysio log ica l  
reasons can be suggested for the d if fe re n t  minimum growth 
temperatures of roots of d if fe re n t  species* They f a l l  in to  two 
groupings according to whether temperature exerts  i t s  e f f e c t  on 
rates  of reactions or on c e l lu la r  structures . These are 
tabulated in Table 2.
The aim of th is  th e s is  i s  to examine in d e ta i l  the 
physio logical d if fe re n c e s ,  e x is t in g  between the roots of sp ec ie s ,  
which may be responsible for d if fe r in g  growth rates at low tempera­
tu res , with a view to providing an understanding of the extent to 
which any of the mechanisms described in Table 2 are operative.
Secondly, an aim of the th es is  i s  to  determine what adaptations . 
e x i s t  in the root physiology of species able to grow at temperatures 
j u s t  above zero as compared with those unable to grow at such low 
temperatures. In particular the growth of the rad ic le  i s  examined
1 3 .
TAble 2, Phvs io lonicnl  mechanisms bv which low temperatures  may, 
br ing about the c e s sa t io n  of roo t  growth.
1.■ One s p e c i f i c  metabolic r e a c t io n  s tops ,  due to  
a) c e s sa t io n  of  enzyme syn thes is
or  b) enzyme present  but i n a c t iv e
2. Energy product ion i n s u f f i c i e n t  to  support 
growth, due to
a) su b s t r a te  l im i t a t i o n
or b) uncoupling a t  low temperature
Mechanisms a f f e c t in g  s t r u c t u r e :
3,  Membrane l i p i d s  " s o l i d i f y " ,  with poss ib le  
r e s u l t s  of:
a) uncoupling of  r e s p i r a t i o n  from ATP 
syn thes is
b) breakdown of t r a n s p o r t  mechanisms
Reference:
Bonner (1957)
Langridge and 
McWilllam (1967)
Ingraham and 
Maaloe (1967)
F a r r e l l  and Rose 
(1967)
Creencia  and 
Bramlage (1971)
Lyons and 
Raison (1970)
Baxter and 
Gibbons (1962)
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over the f i r s t  few days o f  seed germination* Thus th is  work not 
only has a bearing on root growth but a lso  on seedling establishment 
at low temperatures. f
:
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CHAPTER 2
GROWTH RATE OF ROOTS OF PEA AND MAIZE BETWEEN 2 AND 14*C
I n t r o d u c t i o n .
Growth i s  no to r ious ly  d i f f i c u l t  to d e f in e ,  but probably f
the  b e s t  working d e f i n i t i o n  i s  **an i r r e v e r s i b l e  in c rease  in 
volume” (Evans, 1963). Growth of b io lo g ic a l  m a te r ia l  can be 
measured in  a v a r i e ty  of ways. In t h i s  t h e s i s ,  where the  growth 
of  roo ts  i s  measured, i t  i s  measured as the inc rease  in  length  of 
the  roo t  over a number of days (Torrey 1956). This  method i s  
employed because i t  does„not involve the  d e s t r u c t i o n  of  the  m a te r i a l .
Since the inc rease  in  s ize  of r o o t s ,  a t  l e a s t  in the e a r l y  s tages  of 
growth, i s  mainly by in c rease  in  l eng th ,  t h i s  method of measurement 
i s  p a r t i c u l a r l y  s u i t a b l e .
The growth of two species  was s tud ied ,  pea (Pisum sativum 
L. var  meteor) and maize (Zea mays L, var  kelvedon g lory  -  a sweet 
c o rn ) .  These two spec ies  were chosen f o r  the  fo llowing reasons:
1. They d i f f e r  markedly in  t h e i r  temperature  requirements  fo r  
growth. The minimum temperature  fo r  the  growth of pea,  both the 
r o o t  and the shoot,  i s  around 1®C (Lang, 1965, r e p o r t s  the germi­
na t ion  of peas on ic e )  whereas fo r  maize i t  i s  between 5 and lO^C 
(2% r a d i c l e  emergence was repor ted  a t  5^C, Harr ington, 1965, but 
shoot growth re q u i re s  a temperature  between 10 and 12^0, Lehen- 
baure ,  1914, Harr ington,  1965). I t  was thought t h a t  spec ies  
d i sp lay ing  such d i f f e r e n t  minimum growth temperatures  would be most
l i k e l y  to  show d i f f e r i n g  p h ys io log ica l  c h a r a c t e r i s t i c s  in  the
“5
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range 2-14 C which would be d i r e c t l y  due to  the temperature  
t r e a tm en ts .
2* The two species  could e a s i l y  be grown from seed and an 
abundant supply of roo t  m a te r ia l  ob ta ined ,
3 ,  The roo t  system i n i t i a l l y  c o n s i s t s  o f  only a s in g le  r a d i c l e ,  
whose growth could very e a s i l y  be measured,
4 ,  Both seeds con ta in  s im i la r  r e se rve  m a te r ia l s  with which to  
support  root growth, they are  predominantly ” s tarchy” seeds ( S t i l e s  
and Leach', 1933, S t i l e s ,  1960, Toole ,  1924, Table 3 ) .
5 ,  Both are  crop plants of some importance in  B r i t a i n ,  and the  
production of maize i s  c u r r e n t ly  being expanded (Herwin, 1973),
S e le c t io n  of roo t  m a t e r i a l .
A s tandard  procedure was developed fo r  ob ta in ing  the  roo ts  
used in these  growth s tu d ie s  and a l l  subsequent experiments 
involv ing  pea and m a iz e ,^ S ee d s  o f  the  two species  were su r fa ce -  
s t e r i l i z e d  by 15 min submersion in  a 1% hypochlor i te  s o lu t io n ,  and 
r in se d  thoroughly in  d i s t i l l e d  water .  They were then s e t  to 
germinate in  p l a s t i c  boxes on a double layer  of f i l t e r  paper,  
moistened with d i s t i l l e d  water .  The boxes were kept in  darkness a t  
20^C in  incubators  with continuous a i r  c i r c u l a t i o n .  Over the f i r s t  
36 hr the  seeds were watered every 12 h r ,  and subsequent ly  a t  24 hr 
i n t e r v a l s .  Each t ime, s u f f i c i e n t  d i s t i l l e d  water was added fo r  th e re  
to be a s l i g h t  f i lm of  water over the  sa tu ra ted  f i l t e r  paper .  The 
boxes were f i t t e d  with l i d s  which were kept s l i g h t l y  d i sp laced .  To. 
prevent the bu i ld  up of anaerobic condi t ions  around the seeds a i r  was 
gen t ly  blown in to  the boxes a t  the  t imes of water ing .  Also, a f t e r  
46 hr,  the seeds were r in sed  in  d i s t i l l e d  water ,  the boxes cleaned
17 ,
Table 3. Reserve m a te r ia l s in  the  seeds of pea and maize.
• •
Reserve m a te r ia l
% DW of the seed
Pea* Mo i.ze
Carbohydrate 53 63* 83"*"
P ro te in 23 • 11 11
Fa t 2 8 ■ 4
Data of S t i l e s  1960,
Data of  S t i l e s  and Leach 1933.
Data of Toole 1924,
I
1 0 , -"'1:
I
ÏÏand the . f i l t e r  paper l in in g s  renewed. In the case of maize, t h i s  
procedure was repeated  again a f t e r  96 h r .  Under these  condi t ions  ,
i t  was found, in  a pre liminary  t r i a l ,  t h a t  the  g r e a t e s t  number of 
seed l ings  with ro o t s  between 1 and 2 cm long was p resen t  a f t e r  
"germination periods^ of 72 and 120 hr r e s p e c t iv e ly  fo r  pea and 
maize.
I t  was a t  these  re sp ec t iv e  t imes t h a t  the seed l ings  used 
In a l l  experiments were s e l e c t e d .  Only those with ro o ts  between 
1 and 2 cm long were used so as to give i g i t i a l  un iformity  between f
experiments '  (Brown and Broadbent,  1950, and Sexton and S u t c l i f f e ,
1969, rep o r t  t h a t  the length  of the  meris teniatic and extending zones 
of maize roo ts  v a r i e s  with age) ,  |
Measurement of growth.
The condi t ions  fo r  growth were the same as fo r  germination,  
i . e . :  in  boxes on moist  f i l t e r  paper in  the  dark with the same
schedule of water ing ,  Twenty-five seedl ings  were p laced  in each 
box (P la te  1).  The boxes and f i l t e r  papers were renewed a t  48 hr 
i n t e r v a l s .  Watering was wfth d i s t i l l e d  water p revious ly  e q u i l i ­
b ra ted  to  the temperature  a t  which growth was being measured, ^  j
Growth of roo ts  was recorded a t  four tempera tures ,  2, 6, 10, and 
14^C, by measuring the length of a la rge  number of rg o ts  with a 
m i l l im e te r  ru le  ( the  roo t  was considered to  s t a r t  a t  the point of 
at tachment of the cotyledons  in  pea and of the scu te llum in  maize),  '
The f i r s t  measurement was made a t  the  end of the  germination period .4
when the seedl ings  were moved to  the cold incubators  and i s  '1r e f e r r e d  to  as time 0 h r .  T h e r e a f t e r ,  measurements were recorded ]
'3
a t  24 hr i n t e r v a l s  fo r  5 days.  The ro o ts  were kept in  s t r i c t  order  ,,j
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i n  the boxes so t h a t  an in c rease  in  length  from the i n i t i a l  length  
f o r  e ac h . in d iv id u a l  roo t  could be computed d a i l y .  From.these values  
the  mean inc rease  in  leng th ,  with  s tandard  e r r o r ,  from time 0 h r ,  
was calcu la ted*
Resul ts  and d i s c u s s i o n .
The r e s u l t s  are  presen ted as mean inc reases  in  roo t  length 
p lo t t e d  aga ins t  time grown a t  each p a r t i c u l a r  tempera ture ,  with 
s tandard  e r r o r  bars on the  p o in t s ,  F ig s .  1-4,  Table 4 records  the  
numbers of  seed l ing  ro o ts  measured a t  each temperature  to  ob ta in  
the  values  p lo t te d  in  F ig s ,  1-4.  To ob ta in  values  f o r  mean inc reases  
in  length  with standard e r r o r s  small in  comparison with the ac tua l  
v a lues ,  l a r g e r  numbers of ro o ts  were used a t  ti<e lower temperatures .  
Also recorded i s  the  r a t e  of in c re a se  in  length of the  ro o t s  over 
the  i n i t i a l  100 hr  period in  the  cold incubators*
The r e s u l t s  show a s trong c o n t r a s t  between pea and maize in  
the  e f f e c t  of the  four  temperatures  on roo t  growth. Pea mainta ins  
l i n e a r  growth r a t e s  a t  a l l  the temperatures ,  even the  lowest 2^C, 
whereas maize ro o ts  mainta in  l i n e a r  growth r a t e s  only a t  the two ■ 
h igher  tempera tures .  The r a t e s  are  q u a n t i t a t i v e l y  much slower than 
in  pea a t  these  two temperatures ,  10 and 14^C. At the two lower 
temperatures ,  growth of the  maize roo t  slows down over the  f ive  
day period s tudied and stops  completely a t  2^C and nearly, so a t  6^C.
Figure  5 i l l u s t r a t e s  the  da ta  fo r  growth r a t e  as r a t e  fo r  
success ive  24 hr i n t e r v a l s  in  the  cold in cuba to rs .  The continuous 
dec l ine  in  growth r a t e s  of the  maize roo t  with success ive  time 
increments a t  2 and 6^C i s  in c o n t r a s t  with the r a t e s  fo r  pea which 
remain approximately c o n s tan t .  At the  two higher tempera tures  the
20
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%M .
Table  4,  The number of seedl ing  ro o ts  measured nnd t h e i r  growth 
r o te s  nt 2.' 6. 10 and 14^C, Growth r a t e s  derived from the slopes 
of the  best» s t r a i g h t  l i n e s  through the poin ts  p lo t t e d  in F in s ,
1. 2. and 4. and read d i r e c t l y  from F ig .  3 a t  time 100 hr where 
growth r a t e  was not cons tan t  with t ime.
Temp. • Pea Maize
(OC)
No. ro o ts  Growth r a t e  No. ro o ts  Growth r a t e
measured. mm/100 h r / r o o t .  measured, mm/100 hr / roo t .
2 108 4.10 55 1.2
6 78 6.15 52 1.8
10 34 19.5 37 . 7 .7
14 32 40.5 32 11.8
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F in .  5, Growth r a t e s  of roo ts  of seedl ings  of pen and maize grown at fea r  
tempera tures .  Rates determined as the mean increase  in length  of batches  
of roo ts  (see Table 4) over success ive  24 hr i n t e r v a l s  nnd p lo t ted  a t  times 
midway between Hiese i n t e r v a l s .  At time 0 hrs seedlings  had been germi­
nated nt 20 C fo r  72 hr nnd 120 hr r e s p e c t iv e ly  for pen and maize.
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r a t e s  of growth of maize ro o ts  are  cons tan t  over the  f i v e  day 
period but are  much slower than the  corresponding r a t e s  fo r  pea 
r o o t s ,
A f u r t h e r  express ion  of how growth r a t e  of the  two species  
i s  responding to  r i s i n g  temperature  i s  seen in  the  QIO values  fo r  
the  r a t e s  c a lc u la te d  over the  four  degree i n t e r v a l s  of tempera ture .  
They are p lo t ted  in  Table 5 .  Both spec ies  are  most responsive  to  
temperature in the  6-lO^C range al though with maize the very high 
value of QIO = 45 .8  i s  somewhat a r t i f i c i a l  since the  growth r a t e s  
being compared are  not both co n s ta n t .  The r a t e s  are  recorded as 
those over the  time 0-100 hr in  the cold incubators  and during t h i s  
time a t  6^C the r a t e  i s  dec l in in g  whereas a t  lO^C i t  i s  c o n s ta n t .  
The high value fo r  pea i s  comparable to  o ther  r e p o r t s  (Kotowski, 
1926, gave a value of QIO = 12,2 over the  temperature  range 4-8^C *
f o r  r a t e  of germination of peas) and in d ic a te s  t h a t  with t h i s  r i s e  
of temperature growth r a t e  i s  inc reas ing  rap id ly  compared to  the 
r e l a t i v e l y  s tab le  r a t e  a t  the lowest tempera tures .
Between the  warmest tempera tures  used,  10-14*^0, r a t e  of 
growth of maize ro o ts  responds in a manner s im i la r  to  many 
b io lo g ic a l  r e a c t io n s  where a QIO of between 2 and 3 i s  t y p i c a l .
The value fo r  pea, while being h igher than t h i s ,  i s  probably 
t y p i c a l  fo r  t h a t  spec ies  where a high QIO a t  a l l  temperatures  
has been repor ted  (Kotowski 1926). These QIO values  ( f o r  10-14*C) 
suggest  growth i s  responding to  r i s i n g  temperature  in the  manner 
expected on thermodynamic grounds.
Thus the r e s u l t s  fo r  growth r a t e s  of pea and maize a t  2*
6, 10 and 14^C show:
1. Pea mainta ins  l i n e a r  growth r a t e s  a t  a l l  the tempera tures  but 
growth i s  most responsive  to  r i s i n g  temperature  in the  range 6-lO^C.
I
a
4'
s
'■■' ■'  ' ■ '  ' ' ‘ '^ " ■  ■' , "  a ? .  .
Temperature i n t e r v a l  ( C)
010
Pea Maize.
2 ^ 6  2,76 3.41
6 -  10 17,9 45.8
1 0 - 1 4  ' 6 , 2 2  ' 2.92
... . 4
Table  5 ,  010 fo r  r a t e s  of inc rease  in  roo t  lennth of  pea and 
maize  ca lou la ted  over 4^ i n t e r v a l s  of temperature .  (Formula fo r  . 
computation of 010 was t h a t  used by Kqtowski 1926) .  < |
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2. Mnize maintains l i n é a r  growth r a t e s  only a t  the  two h igher ' 3
temperatures .  Q u a n t i t a t i v e l y  the  r a t e s  are  much slower than those ^
f o r  |5ea.
3 .  At the two lower temperatures  growth r a t e  of maize roo ts  d ec l in es  
with time and s tops  completely a f t e r  5 days a t  2^C,
The l in e s  of i n v e s t i g a t i o n  which may lead to  an exp lana t ion  
of  why the growth responses  of  pea and maize ro o ts  to low 
temperatures  d i f f e r  so s i g n i f i c a n t l y  from one another ,  both 
q u a n t i t a t i v e l y  and q u a l i t a t i v e l y ,  a re  considered below. These 
cons ide ra t ions  are presented in  the context of what i s  c u r r e n t ly  
known about the e a r l y  roo t  growth of  pea and maize seed l in g s .
F i r s t l y ,  i t  i s  important to  e s t a b l i s h  how growth of the  ro o ts  : 
i s  occur r ing .  In the young seedl ing  ro o ts  there  are  two p o s s i b i l i t i e s .
Growth may be by c e l l  e longa t ion  alone or  by a combination o f . c e l l ,  
d iv i s io n  and c e l l  e longa t ion .  Secondly a knowledge of the  source 
of n u t r i e n t  m a te r i a l s  to  the  young ro o t s  i s  r eq u i red .  At the  end 
of the germinat ion period the  m a te r i a l s  supporting roo t  growth 
may be endogenous, i . e . :  those l a id  down in  the embryo r o o t ,  or
t r a n s l o c a t i o n  from the " seed" may have s t a r t e d  and be the  major ' 
source of m a te r i a l s  fo r  growth of  the  ro o t s .  This  l a t t e r  process *
involves  many enzymes systems ( e . g . :  those of h y d ro ly s i s ,  which
opera te  in  th e ." seed "  to  mobil ise  reserve  m a te r i a l s ,  and those of 
t r a n s lo c a t io n  which are involved in  t r a n s p o r t  of m a te r i a l s  along 
the  r o o t ) ,  which are  not involved i f  growth of roo ts  i s  supported |
by endogenous re se rves  only .  These enzymes may req u i re  a r e l a t i v e l y
' 1^high temperature fo r  t h e i r  induc t ion  but once formed may remain ^
i ia c t iv e  a t  temperatures  lower than those required  fo r  t h e i r  format ion,  .
I f  t h i s  i s  the case then the time a t  which seedlings  are  f i r s t  i
subjec ted  to  the low temperatures  used in  the present  experiments 1' : ' ^, ■II
\'
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would be c r i t i c a l l y  important fo r  the  a b i l i t y  of the  ro o ts  to 
continue  growing. Growth would only be susta ined  a t  the  lower 
temperatures  i f  the  enzyme, systems were a lready p resen t  by the  end 
of the warm germination per iod .  Presented below are  the r e s u l t s  of 
previous  work bear ing on these  two problems as they a f f e c t  root 
growth of pea and maize under the  experimental  cond i t ions  used 
here  ( r e sp ec t iv e  germinations  periods  o f  72 and 120 hr  a t  2 0 ^ 0 .
1. How growth i s  achieved .
.Bain and Mercer (1966 c) have s tudied growth of pea 
seed l ings  (var v ic to ry  f r e e z e r ) .  They d i s t i n g u i s h  th ree  phases in  
seed germination,  recognised by d i f f e r e n t  growth c h a r a c t e r i s t i c s .  
Phase 1: Extending from the time when the dry seeds were f i r s t
planted ( in  moist  sand in  a greenhouse in Ju ly ,  t h i s  being w in te r ,  
as the work was c a r r i e d  out in  A u s t r a l i a ) ,  to  the  end of day 5.
Only the r a d i c l e  made s u f f i c i e n t  growth to emerge from the t e s t a .  
This  emergence occurred on day 2-3 and subsequently 10-20 mm of 
growth was made by c e l l  e longa t ion  on ly .  On day 4 c e l l  d iv i s io n  
began and was very a c t iv e  on day 5 a t  which time the r a d i c l e  was 
approximately 40 mm long.
Phase 2: Day 5-8 ,  The r a d i c l e  grew to  80 mm' irj l eng th ,  developing 
secondary primordia .  By day 8 a l s o ,  the  shoot had emerged above 
ground and the leaves greened.
Phase 3: Day 9 onwards. The growth of the  pea p lan t  ra p id ly
became independent of the  co ty ledons .  By the tw e l f th  day the  
cotyledons  had l o s t  most of t h e i r  r e s e rv es  and were moribund.
In maize, c e l l  d iv i s io n  in  the r a d i c l e  begins r a t h e r  
sooner (Toole e t  a l . ,  1956)." When the dry g ra in s  are moistened
- f - ' - ' ,
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2, Source of n u t r i e n t  m a te r i a l s  .supporting root growth.
The supply of  m a te r i a l s ,  requ ired  fo r  growth, to  the roo t  
t i p  of pea seed l ings  has been s tudied  by Brown and Nightman, 1952,* 
us ing roo t  c u l tu re  techniques* They found t h a t  the  necessary, 
m a te r ia l s  come from two sources ,  the  meris tematic  c e l l s  themselves 
. and the vacuola ted c e l l s  f u r t h e r  up the ro o t ,  What these  d i f f e r e n t  
components were was not i n v e s t ig a t e d .  U l t imate ly  suppl ies  fo r  the
:
( a t  2 5 ^ 0  the f i r s t  twelve hours are  a period of im b ib i t io n .  From 
10-20 hr e longat ion  o f  the  co leo rh iza  proceeds,  i t  breaks through the  ' 
p e r ic a rp  and extends about 2 mm by c e l l  e longa t ion .  On day 2-3 th e .  
r a d i c l e  breaks through the  co leo rh iza  and a t  t h i s  time c e l l  . ^
ÿd iv i s io n  begins,  as judged by the f i r s t  appearance o f  s i g n i f i c a n t  
l e v e l s  of nuc le ic  acid  in  the  ro o t  t i p  and by c y to lo g ic a l  
observa t ions  ( Ing le  e t  a l ,  1964).
Thus,  a t  the  end of the  germination period in  the  present |
experiments,  growth i s  occurr ing  in pea and maize by both c e l l  
d iv i s io n  and c e l l  e longa t ion ,  al though in  pea c e l l  d iv i s io n  may only 
j u s t  be beginning . The d i f f e r i n g  c a p a c i t i e s  of ro o ts  o f  pea and 
maize to  m a in ta in . growth a t  2 and 6®C and t h e i r  d i f f e r e n t  growth 
r a t e s  a t  10 and 1 4 r e f l e c t  a fundamental d i f f e r en c e  between the  
two species  in  the  response of c e l l  d iv i s io n  and e longa t ion  r a t e s  
to  temperature.  The processes o f  c e l l  d iv i s io n  and e longat ion  
involve many metabolic pathways and bas ic  to  these  i s  the demand 
f o r  a high ene,rgy supply ( Mayer and Poljakoff-Mayber,  1963 ) .
Thi s  i s  in t im a te ly  involved with the second problem being discussed  
here ,  the source of  m a te r i a l s  support ing roo t  growth o f  the  two 
sp ec ie s .
3 1 .
young r a d ic l e  of i n t a c t  seed l ings  must come from the co ty ledons.
Bain and Mercer (1966 b) measured the dry weight of cotyledons  of 
pea each day from the t im e 'o f  im b ib i t ion  and they recorded the s t a r c h ,  
t o t a l  sugar,  and reducing sugar con ten t  of these  organs .  Only on 
the  s ix th  day, did  the dry weight of the  cotyledons s t a r t  to  
. decrease  and only then was th e re  any t r a n s p o r t  of  sucrose out of 
the  co ty ledons.  At t h i s  time the  r a d i c l e  i s  over f o r ty  m i l l im e te rs  
long and thus ,  i t  seems, i s  capable  of making cons iderab le  i n i t i a l  
growth on i t s  own endogenous r e s e rv e s .  These re se rv es  may be p ro te in  
and f a t  which were seen to  be la id  down in  the r a d i c l e  of  the 
developing embryo w h i l s t  I t  was on the  parent p lan t  (Bain and Mercer,
1966 a ) .  Unfor tuna te ly ,  the  temperature  a t  which t h i s  experiment 
was performed was not s p e c i f i e d .  I t  was c a r r ie d  out in  an 
A us t ra l i an  greenhouse in w in te r .  The temperature  of 20^C used in 
the  cu r ren t  experiments to germinate the  pea seedlings  i s  l i k e ly  
to  be warmer than those co n d i t io n s .  The f a s t e r  r a t e  of  metabolism 
thus expected means t h a t  t r a n s p o r t  may s t a r t  e a r l i e r  but whether or 
not by the end of the  germination period (72 hr) cannot be 
d e f i n i t e l y  determined.
In  maize the embryo axis  ( roo t  plus shoot) appears  to draw 
on re serves  from the  scute llum and endosperm a t  d i f f e r e n t  times 
dependent on the condi t ions  of germination,  Ingle  e t  a l .  (1964) 
r e p o r t  t h a t  the axes of  seed l ings  grown in  the dark a t  2 5 f i r s t  ' 
r ece ive  m a te r ia l s  from the  scu te llum and endosperm around day 3 
( measured from f i r s t  soaking the  dry seeds) .  They v isual ize-  the 
scutellum as a . t i s s u e  o f  prime importance in  syn thes is ing  sucrose 
from the hexoses l i b e r a t e d  in  the endosperm by s ta r ch  h y d ro lys i s ,  
and as being re spons ib le  f o r  t r a n s p o r t  of t h i s  sucrose to  the  a x i s .
I
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They poin t out t h a t  the  high energy demands of these  processes  may
be met by the la rge  concen t ra t ion  of  mitochondria in  the  scutel lum
Edelman e t  a l .  (1956) have a sc r ibed  t h i s  ro le  to  the  scu te llum of
germinating ba r ley ,
However, Oaks and Beevers (1964) emphasise the  r o l e  of the
scute llum i t s e l f  in  providing m a te r ia l  f o r  the  growing a x i s .  They
used seedl ings  of hybrid maize,  age 60 h r ,  germinated in  the  dark a t
30^C, The scute llum has a high percentage of  i t s  dry weight as f a t
(Dure, 1960 a,  gives  a value of  27% f o r  ah inbred maize and Toole,
1924, a value of 34,8y'q), and they have demonstrated a very a c t iv e
g ly oxa la te  cycle  in  t h i s  organ whereby s to rage l i p i d  provides  sugars
f o r  t r a n s p o r t  to the  roo t  and shoot ,  Experiments with seed l ings
where thpendosperm was excised  and the scutellum was suppl ied with 
14aceta te -2C' showed a bu i ld  up in  the  roo ts  of r a d io a c t i v e  glucose 
twelve hours a f t e r  a p p l i c a t io n  of the  a c e t a t e .  L i t t l e  r a d i o a c t i v i t y  
was accumulated in sucrose or f r u c to s e .  (To account fo r  the heavy 
l a b e l l i n g . o f  glucose  alone amongst the thyee sugars Oaks and Beevers 
put forward two a l t e r n a t i v e  sugges t ions .  The f i r s t  of these  was 
t h a t  glucose i s  the  t r a n s p o r t  carbohydrate  in young maize ro o t s .
The second sugges tion was t h a t  sucrose i s  the t r a n s p o r t  carbohy­
d r a t e ,  but on a r r i v a l  a t  the  roo t  t i p  the  sucrose i s  ra p id ly  
hydrolysed to glucose and f r u c to s e .  The f ruc tose  i s  then e i t h e r  
p r e f e r e n t i a l l y  u t i l i s e d  by the ro o ts  or  converted to  glucose by a 
hexoisomerase. E i th e r  of these  a l t e r n a t i v e s  would account fo r  the 
heavy l a b e l l i n g  of glucose a lo n e . )  They did not observe dep le t ion  
o f  carbohydrate  from the. endosperm of  i n t a c t  seed l ings  u n t i l  day 5.  ' 
The r e s u l t s  of Dure (1960 b) are in  agreement with the  above
f ind ings  although he worked yvith an Inbred v a r i e ty  of maize a t  a 
otemperature of 21 C.
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Toole (1924) using a dent v a r i e t y  of maize, excised  the 
embryos from g ra in s  and compared t h e i r  germination with t h a t  of |
i n t a c t  g r a in s .  Germination was in  the dark a t  21-24^C, He found - 
t h a t  development of i n t a c t  g ra in s  and excised embryos was i d e n t i c a l  
u n t i l  1 cm o f  root growth was made. T h e re a f t e r  roo t  growth of the  
excised embryos was severe ly  r e t a rd e d .
Under the  p resen t  cond i t ions  used fo r  maize seeds i t  can 
be concluded th a t  t r a n s l o c a t i o n  of  m a te r i a l s  from the  scutellum 
has d e f i n i t e l y  s t a r t e d  by the end of  the  germination per iod ,  and 
probably m a te r i a l s  from the endosperm are  j u s t  beginning to  be 
suppl ied to the ro o t .
Thus with r e sp ec t  to supp l ie s  of m a te r ia l s  requ i red  fo r
growth an exp lana t ion  of how low temperatures  a f f e c t  roo t  growth of
pea and maize in  markedly d i f f e r e n t  ways need only involve
co n s id e ra t io n  of  temperature  e f f e c t s  on a lready  e x i s t i n g  hyd ro ly t ic
and t r a n s l o c a t i o n  systems in  the maize seed l ing .  In peas,  the
t r a n s lo c a t io n  system may not be in  opera t ion  when the  seed l ings  are
put in  the cold in cu b a to r s .  However, the p a t t e rn  of growth r a t e s  •
shown by pea and maize a t  the temperatures  2, 6, 10 and 14^C
in d ic a t e s  t h a t  in  pea the roo t  has an adequate supply of m e tab o l i t e s ,
even a t  2^C, s ince approximately cons tan t  growth r a t e s  are
maintained a t  a l l  the temperatures .  With maize the t a i l i n g  o f f  of
growth with time a t  2 and 6®C i n d ic a t e s  a d is tu rbance  in  metabolism, *
In view of  the  complete dependence of growth on a supply of energy,
and t h i s  in tu rn  depending on t r a n s p o r t  of s u b s t r a t e s  from the
seed, an examination of the  l e v e l s  of the  primary t r a n s p o r t
m a te r ia l  in  the root t i p ,  sucrose ,  and the hexoses derived from •
i t ,  glucose and f ru c to se ,  was undertaken over the f iv e  day tempera-
'
t u r e  trea tments . .  T h i s ,  in  conjunct ion  with measurements of
a  r - , - , . L -V -v  -. y -  i . -. . -. t  . y  -
34,
r e s p i r a t i o n s  r a t e ,  would revea l  how s i g n i f i c a n t l y  the  temperature  
was a f f e c t in g  t r a n s p o r t  of subs tances  t o ,  and energy supply of ,  
the  roo t  t i p ,  both of these  processes  being e s s e n t i a l  f o r  continued 
growth by c e l l  d iv i s io n  and e longa t ion  in  the roo t  apex. These . 
s tu d ie s  are descr ibed  in  the  following two chapters#
 :  t - A ,  j . '  . V  ■: “ - a  . > a . . a a  r . ■■ K A v . .
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CHAPTER 3
STUDIES OF SOLUBLE CARBOHYDRATE LEVELS IN THE ROOT
I
.1:
i
I n t r o d u c t i o n .
The importance of a supply of so luble  carbohydra tes  to 
the  roo ts  of  young seedlings  has been s t re ssed  in  the  previous 
chap te r .  They are requ ired  as s u b s t r a t e s  fo r  r e s p i r a t i o n ,  and 
u l t im a te ly ,  to provide the carbon skele tons  fo r  a l l  the  b iosyn-  . 
t h e t i c  r e a c t a n t s  and products involved in  growth. They are a l so  
requ i red  to  mainta in  the  osmotic p o t e n t i a l  of c e l l s ,  which i s  of 
fundamental importance to  ex tens ion  growth in  the  zone of e longa­
t i o n  of the  ro o ts  (H el lebust  and Forward,  1962, Brown and S u t c l i f f e ,  
1950).
The aim of t h i s  experiment was to  determine how le v e l s  of 
so luble  carbohydrates  were a f f e c t ed  by the four experimental  
tempera tures ,  and to  determine the ex ten t  to which d i f f e r e n c e s  in 
con ten t  c o r r e l a t e d  with the very d i f f e r e n t  growth r a t e s  observed, 
both with in  and between sp ec ie s .  The p r in c ip le  soluble  carbohy­
d r a t e s  p resen t ,  and t h e i r  amounts, in  the roo ts  of  pea and maize, < 
were es timated  Over the f iv e  day growth periods  in  the  cold 
incubators*
Method,
Seedlings  were germinated and grown as descr ibed  previous ly  
(pp.  16-19 ) .  At time 0 h r ,  and a f t e r  being in  the  cold incubators  
24, 72 and 120 h r ,  samples of  seed l ings  werb withdrawn, and the
d i s t a l  1 cm of the  roo ts  exc ised .  The soluble  carbohydra tes  
were e x t r a c te d  in  e th an o l ,  separa ted  from the o the r  so lub le
36 .
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m a te r i a l  and prepared fo r  a n a ly s i s  by g a s - l iq u id  chromatography, • , |
■ «
D e ta i l s  of  the  procedure used are  given in  Appendix 1. This
procedure gave good q u a n t i t a t i v e  s epa ra t ion  of  the  so lub le  carbo­
hydra tes  (P la t e s  2 and 3 ) ,  The d i s t a l  1 cm of  the  ro o t s  only, 
was analysed,  because in  young seed l ings  t h i s  segment i s  where 
almost a l l  roo t  growth i s  made (Brown and Broadbent,  1950,
Hel lebus t  and Forward,  1962), All experiments were d u p l ic a ted ,  t h a t  ' 
i s ,  f o r  each of the four tempera tures  (2,  6, 10 and 1 4 ^ 0  a t  each 
of the four t imes (0,  24, 72 and 120 h r )  two ba tches  o f  seedl ings  
were grown of  each species* Dup l ica tes  agreed w i th in  5% of each |
o th e r  and averages of the  values  obta ined are  presented in  the 
r e s u l t s .
Before p resen t ing  the r e s u l t s  fo r  the  amounts of  soluble  
carbohydrates  in  the  ro o t  t i p ,  and t h e i r  changes with time a t  the 
d i f f e r e n t  temperatures ,  a problem concerning the  i n t e r p r e t a t i o n  
o f  these  r e s u l t s  i s  b r i e f l y  d i scu ssed .  The amounts r e f l e c t  the 
r e l a t i o n s h i p  between the  r a t e s  of supply and u t i l i s a t i o n  of ,
so luble  carbohydrates  in  the  r o o t .  In young seed l ing  ro o ts  sub­
j e c t e d  to  d i f f e r e n t  tempera tures ,  two f a c to r s  may be opera t ing  
to  a l t e r  these  r a t e s  d i f f e r e n t i a l l y .
The f i r s t  o f  these  i s  temperature  i t s e l f .  Rates of supply 
and u t i l i s a t i o n  are  the  f i n a l  express ion  of many r e a c t io n s  whose 
r a t e s  may change by r e l a t i v e l y  d i f f e r e n t  amounts with tempera ture .
Thus lower temperatures  r e s u l t  in  a slower r a t e  of t r a n s l o c a t i o n  
(Esau e t  a l . ,  1957, Geiger,  1969). I f  u t i l i s a t i o n  of sugars 
decreases  with lower temperatures  a t  a rd te  d i f f e r e n t  from t h a t  of 
t r a n s l o c a t i o n ,  changes in  the  l e v e l s  of t o t a l  so luble  carbohydrate
, _ .  3  - . .. . . _ .. , ; - . ^
, , 3■I■ ■ ■ ■ Iand s h if t s  in  the proportions o f the d if fe r e n t component sugars 
would be expected. A lso, the equilibrium  p osition  o f reaction s  
may be sh ifted  a t d if fe r e n t temperatures and th is  could a f fe c t  le v e ls  
o f sugars in  the root t ip .  Thus Oota e t  al* (1956) d iscussed  the |
conversions o f lip id  to  hexose and o f hexose to  sucrose in  storage organs 
o f young seedlings* The formation o f  hexose from e ith e r  lip id  or sucrose 
i s  exothermic and thus i s  favoured a t low temperatures* In maize th is  
may be an important feature where the g lyoxalate  cy cle  in  the scutellum  
i s  operating to  convert storage lip id  to sugars which are supplied to  the . 
a x is , James (1953) has pointed out th at the heat o f reaction  of starch  
to  sucrose i s  3 ,7  K cals/m ole, thus in  pea cotyledons a t low temperature 
hydrolysis i s  favoured* Figure 6 i l lu s t r a t e s  the stages in  m ob ilisation  
o f reserves in  the maize scutellum  and endosperm* Pea coty ledons, 
possessing starch reserves on ly , show hydrolytic  processes sim ilar  to  
those in  the maipe endosperm (Young and Varner 1959)*
The second fa ctor  i s  concerned with the time o f  commencement of 
sucrose transport from the cotyledons. In germination th is  soon supple­
ments and rep laces the lim ited  reserves present in  the ra d ic le  i t s e l f .
To in terp ret changes in  the amounts o f so luble carbohydrate i t  i s  important 
to  determine the time when sucrose transport to the root t ip  beg ins, -b
Evidence i s  presented from the r e su lts  o f th is  experiment in d ica tin g  when 
th is  time i s  for  each sp ecies under the particu lar s e t  o f  conditions used.
The problem has already been referred to in  Chapter 2 and in  pea transport 
i s  expected to s ta r t  between time 0-48 hr a fter  placement o f germinated 
seeds in  the cold regimes (p , 3 1 ), With maize transport i s  
thought to have started  by the end o f the germination period (p* 33)
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F ig ,  6, Mobi l iza t ion  of s to rage  carbohydrate and l i p i d  in  the 
germinating maize g r a in .  Day 3 and 5 r e f e r  to  time a f t e r  f i r s t  soaking the dry  g r a in .
Resul ts  and D iscussion.
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Three soluble  carbohydrates  were found in  the roo t  t i p s  of %Iboth spec ies  in  much la rg e r  q u a n t i t i e s  than any o th e r s .  These were * ‘ ?|
the  sugars sucrose ,  glucose  and f r u c t o s e .  A ty p i c a l  chromatograph 
obta ined us ing an e x t r a c t  from pea ro o ts  (P la t e  3) compared w i th • 
the one obta ined from a standard m ixture of sugars (P la t e  2) 
i l l u s t r a t e s  t h i s .  I t  may be noted th a t  the  r e t e n t i o n  time of 
in d iv idua l  sugars in  the s tandard  was s l i g h t l y  s h o r te r  than in 
the roo t  e x t r a c t  ( e . g . :  r e t e n t i o n  time fo r  f ruc to se  in  the
s tandard  was 4 .5  min and in  the  e x t r a c t  was 5 .5  mln). The s h o r te r  /  |...
r e t e n t i o n  time was a cons tan t  f e a tu r e  o f  chromatograms of the  fi
standard  mixture of sugars .  The I d e n t i t y  of the peaks of thé 
s tandard m ixture of sugars and of the roo t  e x t r a c t  was e s t a b l i s h e d  
by adding a known q u a n t i t y  of an in d iv id u a l  sugar before  performing 
the  t r i m e t h y l s i l y l a t i o n  r e a c t i o n  and comparing the r e s u l t i n g  
chromatogram w ith t h a t  obta ined f o r  the  standard m ixture of sugars 
or  the roo t  e x t r a c t  a lone .  Where the  added sugar corresponded to  
a sugar a l ready p resen t  in  the  e x t r a c t  the peak area fo r  th a t  
sugar was in c reased .  I f  the  added sugar was one not p resen t  in  the 
e x t r a c t ,  i t  appeared in  the chromatogram as an a d d i t i o n a l  separa te  
peak. A second po in t  emerging from P l a t e s  2 and 3 concerns the « 
s i z e s  of the cx- and q -  glucose peaks. In the s tandard ,  Q -  j-
glucose gave only a very small peak whereas in the roo t  sample i t
was always the. l a r g e r  peak. The equ i l ib r ium  between the  (x- and
isomers of glucose was reached only very slowly when the sugar • 
was d is solved in  dimethylsulphoxid.e (DMSO), I n i t i a l l y ,  cx -  glucose 
predominated.  Over a few weeks the  proport ion of (^- glucose /!
in c reased .  I t  was found t h a t  the  combined peak a reas  ( (X -  plus
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Q -  glucose)  remained cons tan t  f o r  a given amount of sugar,  
independently  of the  r e s p e c t i v e  s i z e s  of the  peaks,  th u s ,  in 
es t im a t i n g  g lucose ,  combined peak a reas  fo r  the  sample and fo r  
the  s tandard were always compared.
The small peak follow ing  the  glucose peak and the
sugges t ion  of a peak between 13 and 14 min in the roo t  sample 
( P la t e  3 ) ,  wh ile u su a l ly  be ing d e t e c t a b l e ,  were never of any 
s i g n i f i c a n t  s i z e .  The peak follow ing -  glucose was t e n t a t i v e l y  
i d e n t i f i e d  as i n o s i t o l .  F ru c to se ,  glucose  and sucrose e s s e n t i a l l y  
represen ted  the t o t a l  so lub le  carbohydrate  content of the  ro o t s .  
Add i t ional peaks,  i f  they occurred a t  a l l ,  possessed a combined 
area of le s s  than 2% of the  t o t a l  area  undèr a l l  the  peaks. The 
combined q u a n t i ty  of sucrose ,  glucose and f ru c to se  i s  r e f e r r e d  to  
as t o t a l  sugar content  in  t h i s  t h e s i s .
Changes in  t o t a l  sugar content  were observed in  both 
spec ies  with re sp ec t  to the  growth temperatures  and to  the  t imes 
exposed to these  temperatures .  These r e s u l t s  are  presented f i r s t ,  
and are followed by the r e s u l t s  fo r  amounts of i n d iv id u a l  sugars.
T o ta l  sugar c o n te n t .
The r e s u l t s  fo r  t o t a l  sugar conten t of pea and maize are  
presented in  F ig s .  7 and 0, r e s p e c t i v e l y .  Those fo r  pea are 
d i s c u s sed f i r s t .  Over the  i n i t i a l  24 hr period th e re  i s  a dec l ine  
in t o t a l  sugar content  a t  a l l  four tempera tures  wi th t h i s  dec l ine  
be ing g r e a t e r  the  h igher the temperature .  From what has been sa id  , 
above t h i s  i s  probably because t r a n s p o r t  to the roo t  t i p  has not 
s t a r t e d  or i s  only j u s t  beg inning and growth i s  occurr ing  maiply 
a t  the expense of endogenous s u p p l ie s ,  the  more rap id  r a t e s  a t
41.
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7. Tota l  sugar content in 1 cm roo t  t i p s  exc ised from pea seedl ings  
groivn from 0 -  120 hr at  2, 6 , 10, or 14^C, Time 0 was a f t e r  o germ inat ion period of 72 hr a t  20 C. '
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l-'ig. 8 . T o ta l  sugar content in  1 cm root t i p s  exc ised from mai%e seetUrngs 
gromn 0 -  120 hr a t  2, 6 , 10 or 14 C, Time 0 mas a f t e r  a germ inat ion 
per iod of 120 hrs a t 20^0 .
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higher  temperatures  r e s u l t i n g  in  g r e a t e r  dep le t ion  o f  so lub le  ' ÿ
sugars .  By the  end of the  per iod o f  study, 120 h r ,  however, a 
s u b s t a n t i a l  recovery In the  l e v e l  o f  sugar i s  made a t  a l l  tempera- IIt u r e s ,  r e f l e c t i n g  the s t a r t  of t r a n s p o r t  from the  cotyledons* The -recovery i s  f i r s t  apparent  between 24 and 72 hr a t  14^C, t h i s ,  
the  warmest tempera ture ,  having the  l e a s t  e f f e c t  on the  t r a n s p o r t  
p rocess .
The comparab le  se t  of r e s u l t s  fo r  maize are  presented i n  ' 
F ig .  8. Here aga in the re  i s  a drop in  leve l  a t  a l l  temperatures  
over the f i r s t  24 hr  in the cold in cu b a to r s ,  but the re  i s  a c o n t r a s t  
w i th pea in  t h a t  the d ec l ine  i s  smal le r the h igher the  tempera ture .
a t  6, 10 and 14^C s u f f e r  adjustment in  the sugar l e v e l  which 
follows no c l e a r  t r e n d .  Presumably a balance between the r a t e s  of 
supply and u t i l i s a t i o n  i s  be ing reached which i s  dependent on the 
temperature .  There i s  ev idence fo r  t h i s  a t  6 and lO^C where the 
amount of sugar i s  f a i r l y  cons tan t  between 72 and 120 h r .  However, 
a t  14°C, the  lev e l  cont inues  to  f l u c t u a t e .
Maize d i f f e r s  from pea in  t h a t  there  i s  two to  three  times 
the  t o t a l  stigar content in  the roo t  t i p .  Th i s  i s  probably a d i f f e r ­
ence c h a r a c t e r i s t i c  of the two spec ies ,  s ince the sugar l ev e l s  
obta ined in  the presen t  exper iment are  of  the  same order as those
I(Only a t  2^C i s  there  an except ion  to  t h i s .  This  s i g n i f i c a n t  g
d e v ia t io n  i s  d iscussed  l a t e r . )  Th i s  may be because t r a n s p o r t  to
the  root t i p  has a l ready  s t a r t e d  when the seedl ings  were moved to  ^
the cold incubators  and the e f f e c t  o f  reduc ing the temperature
from 20^C ( the  germ inat ion temperature) i s  to  slow down t r a n s p o r t  
of  sucrose to  the  roo t  t i p  more than to  r e t a rd  u t i l i s a t i o n *  of 
sugars fo r  growth and re sp i ra t ion .
Over the  rema inder of the 120 hr growth per iod the  seedl ings
4
•I
repor ted  in the l i t e r a t u r e ,  Table 6 : (p rec i se  growing c ond i t ions ,  
e s p e c i a l l y  temperature ,  can a f f e c t  the  l e v e l s  of m a te r ia l s  in  the  
r o o t ,  and t h i s  probably accounts f o r  the  v a r i a t i o n  between r e s u l t s  
r epor ted  by d i f f e r e n t  workers,  Toole ,  1924),
At 2^C the sugar conten t shows a steady d ec l ine  over the  
e n t i r e  120 hr  per iod .  This Imbalance in  the roo t  metabolism 
c o r r e l a t e s  w i th the c e s sa t i o n  of growth a t  t h i s  temperature .
C le a r ly  th e re  i s  u t i l i s a t i o n  of sugars a t  a r a t e  much g r e a t e r  than 
they are  being suppl ied ( the  dec l i n e  i s  50% over 5 days ) .  Th i s  i s  
poss ib ly  due to  f a i l u r e  of sucrose t r a n s p o r t  to  the  ro o t  t i p ,  or to  
f a i l u r e  of  hydro lys i s  o f  rese rves  in  the "seed" .  Growth may stop 
due to  the  amount of sugar in  the  ro o t  t i p  becoming I n s u f f i c i e n t  to  
(1) ma in ta in  an adequate r e s p i r a t i o n  r a t e ,  (2) ma in ta in  an adequate 
supply of carbon fo r  b i o s y n th e t i c  re a c t i o n s  or (3) prov ide the 
osmotic p o te n t ia l  requ i red  in  c e l l s  undergoing ex tens ion .
At 6^C, where growth near ly  s tops ,  the re  i s  an i n d ic a t i o n  
t h a t  t r a n s p o r t ,  al though i n i t i a l l y  severe ly  r e t a rd e d ,  makes some 
recovery .  Th i s  temperature  i s  probably b o rde r l ine  fo r  sugar 
t r a n s p o r t  and the cont inued growth of maize roots*
Ind iv idua l  sugars ,  sucrose ,  glucose and f ruc tose
Since the t o t a l  amounts of sugar in the roo ts  are  changing 
over the  120 hr per iod of the cold t rea tm en ts ,  then the l e v e l s  of 
the  ind iv idua l  sugars w i l l  a lso  f l u c t u a t e .  Thus i t  i s  u sefu l  to  
look a t  the  percentage o f  each sugar as a percentage o f  the  t o t a l  
of a l l  th ree  under each s e t  of co n d i t io n s .  Absolute sugar l ev e l s  
are  o f  value in  so f a r  as they show how changes in the t o t a l  sugar 
con ten t  are  r e l a t e d  to  changes in  the content of p a r t i c u l a r  sugars.  ,
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Tnb1e 6. Q u a n t i t ie s  of sugars repor ted  in  the ro o ts  o f  pea and
'maize s ee d l i n g s .
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25 120 D i s t a l  0-9 mm as 3 mm segments
1.4 5.8 2.6 Lyne and apRees 
( 1 9 7 1 )
20 72 D i s t a l  1 cm 3 . 7 9 3 . 5 3 . 4 5 Present work
Maize
3 0 60 D i s ta l  2 cm 1 14 32 Grant and Bee- 
ve rs  (1964)
30 70 D i s ta l  1 cm as 
2x5 mm segments
4 6 ' 1 Hel lebus t  and 
Forward (1962)
2 0 120 D i s t a l  1 cm 7.91 1 3 . 4 8.18 Presen t  work.
T o ta l sugar content 
i% DW)
*
25 120 Whole seedl ing  
ax is
30 Ingle  e t  a l .  
( 1 9 6 4 )
20 120 D i s t a l  1 cm of 
roo t
2 9 . 5 Presen t  work.
Reducing sugar 
content (% '^W)
3 0 70 D i s ta l  1 cm 2. 13 Hellebus t  and 
Forward ( 1 9 6 2 ) 1
20 120 D i s ta l  1 cm 2 , 13 Present work. •
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Thus the r e s u l t s  fo r  the  de te rm ina t ion  of ind iv idua l  sugars  are 
presented both as % t o t a l  sugar and as mg/g F.W. (F ig s .  9,  10, 11 
and 12),
The r e s u l t s  fo r  pea are d i scussed  f i r s t . There i s  
a d d i t i o n a l  ev idence t h a t  t r a n s p o r t  of  sucrose to  the  roo t  t i p  
beg ins about 24 hr a f t e r  the  seed l ings  are moved to  the  cold 
in cu b a to r s .  At t h i s  t ime,  when t o t a l  sugar a t  1 4 shows a 
l a rge  d ec l i n e ,  the  percentage p resen t  as sucrose r i s e s  markedly 
wh i le t h a t  as the. monosacchar ides f a l l s .  Th is  may r e f l e c t  the 
a r r i v a l  of sucrose from the co ty ledons .
The l e v e l s  of  ind iv id u a l  sugars are now cons idered in  t u r n .  
The percentage of f ru c to se  a t  the  four temperatures  never shows a 
spread of more than 10% a t  any one t ime .  Over the  120 hr  per iod 
a s l i g h t  f a l l . i s  observed a t  a l l  temperatures  but otherw i se 
temperature  has l i t t l e  e f f e c t  on the  percentage amounts of 
f r u c to s e .  The abso lu te  l e v e l s  of f ru c to se  show a s im i la r  tendency 
to  d e c l i n e ,  wi th the except ion t h a t  a f t e r  being a t  lO^C fo r  120 hr 
the  i n i t i a l  leve l  \ s  r e s to re d .
Howeves glucose  and sucrose  l e v e l s ,  expressed on the 
"percen t  t o t a l "  b a s i s ,  or the  abso lu te  s ca le ,  are  s t rong ly  
c o r r e l a t e d  w i th temperature .  Af te r  a growth per iod of 120 hr in 
the  cold incubators  glucose co n ten t ,  expressed on a "pe rcen t  t o t a l "  
b a s i s ,  i s  h ighes t  a t  14 and lowest a t  2^C, wi th 10 and 6^C occupying 
in term ed ia te  p o s i t i o n s .  This  trend i s  a lso  seen when expressed as 
abso lu te  l e v e l s  but the  lower t o t a l  sugar content a t  14 as compared 
w i th lO^C has depressed the amount of glucose a t  14 below th a t  a t  
lO^C, Sucrose behaves in  a r e c ip ro c a l  manner to  glucose* Afte r  
120 hr i t  i s  the most abundant sugar a t  2^C and the l e a s t  a t  14^C, 
and again 6 and lO^C occupy in te rm ed ia te  p o s i t i o n s .
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F ig .  9. Percentage of  the t o t a l  sugar content present as f r u c to s e ,  
glucose oy sucrose in  1 cm yoot t i p  segments of pea seed l ings  grown 
0 -  120 Hr a t  2, 6, 10 or 14 C, Time 0 hr was a f t e r  a germ inat ion 
per iod of 72 hrs  a t  20 C,
I
'f
■I
f
Q
f O
c -f
Su0nr as % weinlit of the t o t a l  sugar content
o g COo o cno oo
50
I
Cor*OtnCD
O 50O COO tCxO cno
Ok '
c-P
o
CD
ro<0
03 cno o
o
C D
O
IO
too
4 9 .
4
a
" a
F i g ,  10. Percentage of the t o t a l  sugar content present as f r u c to s e ,  
glucose  or sucrose in 1 cm roo t  t i n  segments of  maize seed l ings  grown '4
from 0 -  120 hr a t  2. 6, 10^ or %4 C, Time 0 hr  was a f t e r  germ inat ing |
per iod of 120 hr  a t  20 'C.
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F ig .  11. Q u a n t i t ie s  o f  f r u c to s e ,  glucose and sucrose in  term ina l  1 gm 
of  pea seedl ing  ro o ts  during 120 hr growth periods a t  2^ 6, 10 o r '14 C* 
At time 0 hr seedl ings  had been germinated 72 hrs  a t  20 C.
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F i g ,  12. Q u a n t i t ie s  of  f r u c to s e ,  glucose ,  and sucrose In the term inal 
1 cm of  maize seedl ing  ro o ts  (luring growth per iods  of 120 hrs  a t 2, 6 /  
10. or 14 C. At 'time 0 hr seed l ings  had been germinated f o r  120 hrs  a t  20 C,
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Thus the sugars in  the  roo t  t i p  of pea respond to  low 
tempera tures  by e s t a b l i s h i n g  a high proport ion  o f  sucrose and a 
low proport ion  of glucose* With inc reas ing  temperature  in  the range
2-14^C the  propor t ion  of sucrose d ec l i n es  whi le t h a t  of glucose _ .
r i s e s .  Th is  i s  i l l u s t r a t e d  in  F ig .  13 where the  g lucose /sucrose  
r a t i o  a t  each temperature  i s  p l o t t e d  f o r  the  two s p ec ies ,  a f t e r  
120 hr a t  the cold temperatures .
A high propor t ion  o f  sucrose has been repor ted  in  o ther  
p lan t  t i s s u e s  when these  were subjec ted  to low tem pera tures ,
Arreguin-Lozano and Bonner (1949),  found t h a t  pota toes  sweetened 
when s to red  in  the cold ,  as compared w i th warmer s to rage  tempera- . 
t u r e s .  I n i t i a l l y  the  sucrose con ten t  was 1.07/4 DW but a f t e r  two 
weeks s to rage a t  O^ C t h i s  had r i s e n  to  6.65%. The o the r  tempera­
tu re s  in v e s t i g a te d  were 9, 16, and 25^C and the re s p e c t i v e  sucrose 
con ten ts  were 1.25,  0.75 and 0.84%, Thus they, decl ined  with 
inc reas ing  temperature  as was observed in  the  present  exper iment.
Levels of  glucose and f ru c to se  were however c o n s i s t e n t l y  low.
Fruc tose  shoived the g r e a t e s t  f l u c t u a t i o n s  in  l e v e l ,  r i s i n g  from 
the i n i t i a l  value of 0.17^4 DW to  1,5% a f t e r  two weeks a t  O^ C and to  
Q.34% a t  9^C. L i t t l e  change in  le v e l  was observed a t  the two warmer 
temperatures .  Thuis in  pota to  a high sucrose lev e l  i s  e s ta b l i s h e d  
in  cold condi t ions  but In c o n t r a s t  w ith pevi roo ts  glucose le v e l s  
do not respond to  temperature  whereas f ru c to se  l e v e l s  r i s e  with
decreas ing  temperature ,  b ?
, In pota toes  the  sucrose o r i g i n a t e s  from the hydro lys i s  of . '4
s ta r c h .  I t s  format ion i s  thermodynamically favoured (James,  1953), • . :
but a l so  Arreguin-Lozano and Bonner repor t  t h a t  inc reased  a c t i v i t y  
of  the hydrolys ing enzymes a t  the  lower temperature i s  respons ib le  
fo r  the sucrose accumulat ion.
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(Piia .  13. I le ln t ionshin  botTveen temperature  and the g lncose /sncrose  r a t i o
in the root t i p s  of pen (®- and maize seed l ings '  (&------^  oro '^ni fo r
120 hr a t 2, 6, fO, or 14 C ( a f t e r  r e sp ec t iv e  germ inat ion per iods  of 72 
and 120 hr a t  20 C).
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**Sweetening’*, through whatever process ,  has f r equen t ly  
been repor ted  to occur a t  low temperatures ,  e . g . :  in  the stems of 4
grapes in  w in te r ,  in  the t runks  o f  basswood and b i rch  t r e e s  in  'à
w in te r ,  in  sunflower and tobacco leaves  exposed to  5^C as compared 
w i th  25^C in  the  dark (Forward, 1960) and in  the leaves  o f  Hedera 
h e l i x  in  w in ter  (Parker ,  1962).
V a s i l ’yev (1961),  examined the  sugar content in  leaves  and 
in  the t i l l e r i n g  nodes o f  hardy s t r a i n s  of w in ter  rye and wheat,  , 
and of two l e s s  hardy spr ing  wheats,  a l l  planted outdoors a t  the  
end of August ( in  Russ ia) .  During September and October the  
temperature  f lu c tu a te d  but showed a general  .downward t r e n d .  The 
monosaccharide l e v e l s  in  the  w in ter  and spr ing v a r i e t i e s  of  the  
c e r e a l s  responded to  these  f l u c t u a t i o n s  in  a r e c ip ro c a l  manner. As . 
temperature  f e l l  the  l e v e l s  rose  and v ice  v e r sa .  All repor ted
le v e l s  were between 15 and 60 mg/g FW. Sucrose, however, responded 
by much l a r g e r  changes in  l e v e l .  Sucrose leve l  rose  from 60 to  
220 mg/g FW but only in  the  w in te r  v a r i e t i e s .  In  the  spring- wheats 
a small r i s e  in the o rder  of  30 mg/g FW above the  i n i t i a l  level  of 
40 mg/g FW was observed. The sucrose leve l  in  the w in ter  wheat d id 
not r i s e  a t  a uniform r a t e ,  but f lu c tu a te d  wi th temperature  in  a 
manner s im i la r  to  the  monosaccharides,  al though showing a strong 
o v e ra l l  upward t r e n d .  A c o r r e l a t i o n  of  sucrose con ten t  w i th cold 
hard iness  i s  c l e a r l y  suggested by these  r e s u l t s  but f u r t h e r  
exper iments showed t h a t  cold ha rd iness  depended on more than j u s t  
sucrose or sugar -con ten t .  In spr ing wheats t o t a l  sugar decl ined 
towards the end of October* Th i s  dec l i n e  was due to  a f a l l  in 
sucrose and in monosaccharide l e v e l s .  Thus in  e a r l y  September and 
l a t e  October t h e r e  was a time when these  p lan ts  conta ined equal 
q u a n t i t i e s  of sugar,  However in  September the p la n t s  were k i l l e d
'  ^  '  '  '  '  '  '      '  - GO.
by exposure to  ~8^C, whereas in  October they surv ived a f t e r  exposure 
to -14^C. C lea r ly  the low tempera tures  in the in te rv en in g  per iod 
had brought about more p h ys io log ica l  changes in the p l a n t s ,  which 
conferred  hard iness  on them, than j u s t  an inc rease  in  sugar content  
dur ing  the cold pe r iod .  The permanent inc rease  in  sugar con ten t ,  
p r i n c i p a l l y  sucrose in  the w in ter  v a r i e t i e s  o f  wheat and rye were, 
however, thought to be s i g n i f i c a n t  in  conferr ing  g r e a t e r  hard iness  
on these  p l a n t s .
The combined r e s u l t s  o f  the  exper iments above suggest  the re  
i s  a r e l a t i o n s h i p  between high sucrose leve l s  and low temperature 
to le ra n ce  in  p lan t  t i s s u e s .  In  the r e p o r t s  above sucrose  bu i ld  up 
does not correspond wi th glucose d ec l i n e  as has been seen in pea 
r o o t s .  Rather the  reverse  i s  the case .  Glucose and/or f ru c to se  
tend to  inc rease  in  le v e l  a l s o .  In po ta to  the hyd ro lys i s  of s ta r c h ,  
and in  the c e r a l s ,  photosynthes i s*  could provide sugars and thus 
make poss ib le  the in c reases  in  sucrose and monosacchar ides l e v e l s .
In  pea roo ts  i t  seems the supply of m a te r ia l  to the ro o t  t i p  was 
not s u f f i c i e n t  to  allow any i n c rease  in  t o t a l  sugar but never the le ss  
a high sucrose content  in  response to  low temperature  was e s t a -
\|
b l i sh ed  with a concomi tant d ec l ine  in  glucose con ten t .  Thus even 4
in  t h i s  a c t i v e ly  growing organ, low temperature  to le ran ce  appears ||
to  be assoc ia ted  wi th a r e l a t i v e l y  h igh sucrose c o n ten t .  The 
metabol ic  consequences of the  h igh sucrose lev e l  can only be 
specula ted  on a t  t h i s  s tage ( L e v i t t  1972).  »
The r e s u l t s  fo r  maize w i l l  be d iscussed  in  the  l i g h t  of J
what has been found fo r  pea< s ince  the  carbohydrate metabolism of
'iipea i s  t h a t  of a p lan t  able  to  grow su ccess fu l ly  a t  a l l  the
%
temperatures  s tud ied ,  f
At 2^C the t o t a l  sugar con ten t  in  maize ro o ts  showed a
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cont inuous d ec l ine  (Fig* 8 ) .  F ig s .  10 and 12, where the  changes in  |
lev e l  of the Ind iv idua l  sugars ,  f r u c to s e ,  glucose and sucros^ are  ' 
p l o t t e d ,  shows t h i s  dec l i n e  i s  shared near ly  p ro p o r t io n a te ly  by a l l  |
th r e e  sugars .  The only except ion  to  t h i s  i s  the sucrose c6ntent
a f t e r  24 hr of  exposure to  2^C. The r i s e  in abso lu te  amount a t
t h i s  temperature  may r e f l e c t  the beginning of an a l t e r a t i o n  in  the 
roo t  metabolism such as was seen in  pea, i . e . ;  the  e s t a b l i s h i n g  of 
a high sucrose con ten t  a t  the  cold temperature .  However the  
cont inued exposure to  the low temperature  r e s u l t s  in  g breakdown of 
carbohydrate metabolism in  the maize roo t  t i p  as ev idenced by the 
cont inuous d ec l ine  in  sugars over the  r e s t  of the  120 hr  pe r iod .
Only a t  6^C and qbove i s  the p a t t e rn  seen in  pen e s t a b l i s h e d ,  
v i z :  a r e l a t i v e l y  high sucrose and low glucose con ten t  a t  lower
temperatures  and a r i s e  in  the propor t ion  of  glucose and a f a l l  in
the  proport ion of sucrose with r i s i n g  tempera ture .  Th i s  t rend  can
be seen fo r  these  th ree  temperatures  from Fig* Ip ,  >
Conclus ions . >
1. Three soluble  carbohydra tes  predominate in  tjie roo t  t i p s  of pea 
and maize; they are  f r u c to s e ,  glucose  and sucrose .  '
2. With regard to the  metabolism of these  sugary both pea and maize
adopt s im i la r  s t r a t e g i e s  when subjec ted to  temperatures  near t h e i r  
re sp ec t iv e  lower l im i t s  fo r  growth. The propor t ion  of  sucrose i s  * »
r e l a t i v e l y  h igh and of  glucose r e l a t i v e l y  low. With r i s i n g  tempera­
tu re  the  p ropor t ion  o f  sucrose d e c l i n es  while t h a t  o f  glucose
i n c re a s e s .  The propor t ion  of f r u c to s e  in  the roo t  t i p s  of both
spec ies  shows l i t t l e  change wi th time* a t  any of the four  tempera- 7:
t u r e s  used.  ,  ^ 4
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3.  There i s  an adequate supply o f  sugar to the ro o ts  of pea over i
the  120 hr  per iod in  the cold incuba to rs  as judged by the l e v e l s  of  
sugar being approx imately the  same a t  the beg inning and end of t h i s  4
time.  Thus the a l t e r e d  propor t ions  re fe r r e d  to  above ( 2 . )  are 
phys io log ica l  responses  to  temperature  independent of  the e f f e c t  |
o f  temperature on t ranspor t*  (However a t  time 0 hr  the  ro o ts  were 4
drawing on endogenous re se rves  whereas a t  time 120 hr  they were u t i -  ¥4
U s i n g  rese rves  t r a n s lo c a te d  from the  " seed" .  The t r a n s l o c a t i o n  ' J
o f  sucrose to  the roo t  t i p  commences in  pea a t  or s h o r t l y  a f t e r , Itime 24 hr in the  14^C in cuba to r ,  and a t  the lower tempera tures  of 
10, 6, and 2^C i t  s t a r t s  between 72 and 120 h r .  These t imes '  are 
4-8  days a f t e r  f i r s t  soar ing the  dry seeds . )
4,  In maize t r a n s l o c a t i p n  has s t a r t e d  by the time the seed l ings  are  
moved tp the cold Incuba to rs ,  t h a t  i s ,  hX the end of the  f i f t h  day |
from soak ing.  Sugar supply i s  adequate a t  temperatures ,  of 6^C and 
above. Thus as in  pea tpe  r e l a t i v e l y  high sucrose con ten t  a t  6^C 
i s  a phys io log ica l  response to temperature  independent o f  sugar 
supply,  , ^
5.  In the maize root t i p  exposed to  2®C the amounts of  a l l  the  
sugars s tud ied dec l ined  over 120 hr  to  approximately. 50/o the 
i n i t i a l  amounts. The r a t e  of u t i l i s a t i o n  i s  c l e a r l y  exceed ing the 
r a t e  of  supply.  .
These conclus ions  r a i s e  seve ra l  ques t ions :
1. How does temperature  ac t  on the  seedl ings  to b r ing  about the
a l t e r a t i o n s  in  the propor t ions  of  glucose and sucrose observed in  j
'the  roo t  t i p s ?  • Jj
2.  At temperatures  near  the minimum f o r  growth,what i s  the phys io- ;^ | 
l o g i c a l  s i g n i f i c a n ce  of  r e l a t i v e l y  h igh sucrose and low glucose
le v e l s ?  Are they of s i g n i f i c a n ce  fo r  cont inued growth?
'Î
■
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3. What I s  the process u t i l i s i n g  sugars a t  2^C in  maize?
4 ,  Why does the process of  supply f a l l  shor t  of  demand in  maize 
a t  2®C?
I t  was proposed a t  the end of  Chapter 2 to  examine the energy 
supply system of  seedl ing  ro o ts  with resp ec t  to  temperature ,  to 
d i scove r  i f  temperature  e f f e c t s  on t h i s  system account fo r  the very 
d i f f e r e n t  r a t e s  of growth observed between pea and ma ize. The level  
of  so luble  carbohydra tes  ac t i ng  as s u b s t r a t e s  fo r  energy supply has 
been examined above. In the follow ing chapter  the r a t e  of  r e s p i r a ­
t i o n  with respec t  to  temperature  i s  s tud ied .  The combined r e s u l t s  
and conclus ions  from these  exper iments  in d ic a te  how answers to some , 
o f  the above ques t ions  may be sought exper im en ta l ly .  A f u l l  
d i s cu ss io n  of t h i s  th e re fo re  follows the r e s u l t s  of the exper iment 
to study r a t e s  of r e s p i r a t i o n ,  presented in  the fo llow ing  ch ap te r ,  .
. . .  -I
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CHAPTER 4 
STUDIES OF RESPIRATION RATE IN ROOTS
In t r o d u c t i o n . - .
The r e s p i r a t i o n  r a t e s  of the seedl ing  ro o ts  o f  pea and 
maize were examined a t  the same temperatures  and over the  same time 
per iods  as was carbohydrate  con ten t  and growth r a t e .  The aim of  
these  measurements was to determ ine the  e f f e c t  o f  temperature  on 
r e s p i r a t i o n  r a t e  of  the  two spec ies  and to  determ ine how c lo se ly  
r e s p i r a t i o n  r a t e  was c o r r e l a t e d  to growth r a t e .
Method.
Determ inat ions of  r e s p i r a t i o n  r a t e  were made on seedl ings  
grown under i d e n t i c a l  cond i t ions  to  those used in  the  s tu d ies  of 
so luble  carbohydrate  l e v e l s ,  and were made a f t e r  the  same time 
i n t e r v a l s  a t  the co ld  temperatures  (p .  3 5 ) .  Again, only the d i s t a l  
1 cm of  the seedl ing  ro o ts  was used.  These segments were exc ised in  
phosphate b u f fe r  prev ious ly  e q u i l i b r a t e d  to the p a r t i c u l a r  temixîra- 
t u r e  a t  which ,the ro o ts  were grown, and then t r a h s f e r r e d  to  Warburg 
f l a s k s  and the  oxygen uptake and carbon d ioxide  e vo lu t ion  measured 
on a G i lson resp i rom e te r ,  equipped with a r e f r i g e r a t e d  water ba th .
A31 de term ina t ions  were made a t  the same temperature as t h a t  to 
which the roo ts  had been exposed in  the cold in cu b a to r s ,  except t h a t ,  
a t  time 0 hr ( a f t e r  germ inat ing a t  2 0 ^ 0  the r e s p i r a t i o n  r a t e  of 
the  roo ts  was determined a t  2, 6, 10 and 14^C, F u l l  d e t a i l s  o f  the 
method are  given in  Appendix 2.
Results and Discuss ion.
The r e s u l t s  are  presen ted in  F ig s .  14 and 15 r e s p e c t i v e ly  
fo r  pea and maize. They are  expressed as oxygen uptake (jil/mg DW/hr)
* * Q1 '■ag a in s t  time exposed to  each temperature ,  2, 6, 10 or  14 C, The 
r e s u l t s  fo r  carbon d ioxide  were s im i la r  in t h e i r  genera l  t rend  and 
are  not inc luded .  Usually  oxygen uptake exceeded carbon d ioxide  
evolut ion,* and R.Q.s in the reg ion  o f  0 .8  were ob ta ined .  The 
reason fo r  t h i s  was not i n v e s t i g a t e d ,  but may be due to  some 
f i x a t i o n  of  carbon d ioxide  by ro o ts  (S to lw i jk  and Thimann 1957),
At the lowest tempera ture ,  2®C,.both pea and maize ma in ta in  
cons tan t  r a t e s  of oxygen uptake over the 120 hr per iod o f  the 
exper iment but t h a t  of pea i s  approx imately tw ice t h a t  of maize,
0 .8  as compared w ith 0,4  ^l/mg DW/hr. This  low r e s p i r a t i o n  r a t e  in 
maize may be one of the  f a c to r s  c o n t r i b u t in g  to  the c e s sa t i o n  of 
growth a t  t h i s  tempera ture ,  Creenc ia  and Bramlage, 1971, repor ted  
t h a t  uncoupl ing of oxygen uptake from ox ida t ive  phosphoryla t ion 
occurred in  the leaves  of maize a f t e r  the  p lan ts  were c h i l l e d  36 hr  /  
a t  0.3^C, Th i s  uncoupl ing was measured a t  25^C. I t  i s  poss ib le  
t h a t  uncoupling in  the  roo ts  a l so  occurred but the  r e s u l t s  of the 
p resen t  exper iment where r e s p i r a t i o n  was measured a t  and where ,
the r a t e  of oxygen uptake was very low suggests t h a t  o th e r  processes 
involved in oxygen uptake,  e , g , : the Kreb*s cyc le ,  a re  a lso
d i s tu rbed  by the  low temperature .
The r e l a t i v e l y  high r e s p i r a t i o n  r a t e  of the  pea root 
compared wi th the  maize roo t  f in d s  a p a r a l l e l  in the r e s p i r a t i o n  
r j t e s  of p lan t s  na t ive  to  a r c t i c  or alp ine  c l ima tes  when these  are 
compared wi th spec ies  from warmer areas* Frequen t ly ,  i t  has been 
found a t  temperatures  j u s t  above f reez ing  po in t  t h a t  the r e s p i r a t i o n  
r a t e  of a r c t i c  o r  a lp ine  p la n t s  i s  h igher ,  Mooney and B i l l i n g s  (1961)
" ..'V// V   '   ' "
j
i î y  ■
64*
I
■î
Fir). 1<1. Rate of  0„ uptake by exc i sed  1 cm roo t  t i p s  of^pea seedl ings  
a g a i n s t  time grown a t  the  temperatures  of 2, 6, ^0 or 14 C. At time 0 
hr seedl ings  had been germinated fo r  72 hr a t  20 C.
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F ig ,  15, Rate of 0„ uptake by exc ised 1 cm roo t  t i p s  of mni%e seedl ings  
aga in s t  time grown a t  the  temperatures  of  2, 6, 10. or 14 C, At time 0. 
hr seedl ings  had been germinated fo r  120 hrs a t  20 C,
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demonstrated t h i s  f e a tu re  in  Oxvria difrvna popula t ions  from the 
Yukon (Northern Canada) and Colorado, The Yukon popula t ion  showed 
a h igher r e s p i r a t i o n  r a t e  than the  Colorado popula t ion a t  a l l  
temperatures  up to  20^C. J u s t  above 0®C the h igher  r e s p i r a t i o n  
r a t e  was be l ieved to  be important in  allow ing the  p la n t s  to 
complete t h e i r  l i f e  cycle in  the  very shor t  growing season of the 
Yukon, They quote the work of P i sek and Winkler (1958) where 
Pi cea  excel sa leaves were found to  have a h igher r e s p i r a t i o n  r a t e  
a t  h igher a l t i t u d e s ,  and a f u r t h e r  example comes from the work of 
Mooney (1963) where an exam inat ion of the r e s p i r a t i o n  r a t e s  of 
rhizomes of Polvaonum b i s t o r t o i d e s  from c o a s t a l ,  subalp ine and 
a lp ine  popula t ions  showed the re  was a h igher r e s p i r a t i o n  r a t e  in  . 
rhizomes of p lan t s  from h igher a l t i t u d e s ,  Scholander and Kanwish 
(1959) examined the r e s p i r a t i o n  r a t e  of n ine h igher  p la n t s  
c o l l e c te d  from Labrador and Massachuset ts  but only two spec ies  
showed s i g n i f i c a n t l y  h igher r e s p i r a t i o n  r a t e s  in  the northern  
popula t ion .  In l ichens  Scholander e t  a l ,  (1952) found no evidence 
a t  a l l  of h igher  r e s p i r a t i o n  r a t e s  in  spec ies  c o l l e c t e d  from the  
a r c t i c  as compared with those c o l l e c te d  from the t r o p i c s .
The major i ty  of ev idence descr ibed  above suggests  t h a t  the ' 
r e l a t i v e l y  h igher  r e s p i r a t i o n  r a t e  of the  pea ro o ts  a t  2^C i s  a 
very  important f e a tu r e  fo r  ^he a b i l i t y  of t h i s  spec ies  to ma inta in 
a c t i v e  growth a t  t h i s  low temperature .
At 6^C, pea aga in ma in ta ins  a steady r a t e ,  around 1.4 ■ 
pl/mg DW/hr, Maize shows an i n i t i a l  drop in r a t e  (from 1.5 to 0.75 
over 24 hr) and then a p a r t i a l  recovery to  1,2 jil/mg DW/hr, over 
the  r e s t  of the  120 hr pe r iod .  This  behaviour aga in i l l u s t r a t e s  
how the metabolism of maize i s  d i s tu rbed  a t  6^C, which i s  the border­
l i n e  temperature  fo r  the  growth of the  r o o t s .  P oss ib ly  the r i s e  in
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oxygen uptake i s  due to  p rogress ive  uncoupling of r e s p i r a t i o n  but 
Creenc ia and Bramlage r e p o r t  under t h e i r  condi t ions  (seven day old 
seed l ings ,  grown a t  21 C in  continuous l i g h t  a t  the s t a r t  of the 
c h i l l i n g  trea tm ent)  t h a t  no c h i l l i n g  damage was observed in  seed­
l i n g s  held 0 days a t  6^C,
At the two h igher tem pera tures ,  10 and 14*^ C, pea and maize ro o ts  
show an inc rease  in  r a t e  of oxygen uptake w i th in c re as in g  time 
exposed to  these  tem pera tures .  Th i s  may be a s ign of  metabol ic 
adap ta t ion  occur r ing .  I f  the i n c reas in g  r a t e  i s  coupled to  increased  
product ion of high energy compounds then b io syn thes i s  could proceed 
a t  a f a s t e r  r a t e .  However, th e re  i s  no ev idence of inc rease  in 
growth r a t e  with time a t  these  temperatures .
Two r e s u l t s ,  which emerge from the exper iment,  of  
s i g n i f i c a n c e  f o r  the r e l a t i o n s h i p  between growth and r e s p i r a t i o n  
r a t e s  at, low tempera tures  are  i l l u s t r a t e d  by the QIO da ta  and 
Arrhenius p lo t s  fo r  these  two processes  a f t e r  120 hr  i n  the cold 
in cu b a to r s .
The QIC, c a lc u la te d  over the  4^ temperature i n t e r v a l s ,  fo r  
r a t e s  of r e s p i r a t i o n  and growth are  presented in  Table  7 and F ig .  J
16. In pea a c lose  c o r r e l a t i o n  e x i s t s  between the va lues  over the
e n t i r e  temperature  range.  In the range 2-6^C fhe ro o t  growth and » é
r e s p i r a t i o n  r a t e s  are  r e l a t i v e l y  unrespons ive to  temperature ,  
presumably metabolism i s  opera t ing  j u s t  above the  minimum r a t e  
requ i red  fo r  the roo t  to remain v ia b le  and grow. Over the  6-lO^C 
i n t e r v a l  the very h igh QIO in d i c a t e s  t h a t  growth and oxygen uptake 
are very s e n s i t i v e  to  temperature  and that, these processes  inc rease  
t h e i r  r a t e s  r ap id ly  from the. low r a t e s  observed near the  
minimum temperature*
In maize, the a c tu a l  amounts of growth made a t  2 and 6^C
70,
Table 7. 010 fo r  the  r a t e s  of growth and of oxvnon uptake of the 
ro o ts  of  pea and maize,  a f t e r  120 hr a t  2. 6. 10 and 14^C 
(follow ing  germ inat ion a t  20^C fo r  72 and 120 hr r e s p e c t i v e l y ) .
Temp, i n t e r v a l  *C
Pea Maize
QIC growth^ QIO 0^ uptk,  QIO growth* QIC Op uptk
2 - 6 2.76 3.96 3.41 15.6
6 - 1 0 17.9 11.1 45.8 9.88
10 -  14 6.22 6.99 2.92 1.81
^Values ca lc u la te d  from da ta  of F i g s ,  1, 2, 3 and 4 and Table 4,
t
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r.' •if|, 16. R e la t ionsh ip  between 010 fo r  (jro '^rth ond QIO fo r  r e s p i r a t i o n ,
of  roo ts  of pea (o- and maize -A) . F igures  in  bracke ts  i n d ic a te  temperature ranges over which QIO determined in C.
• 72. 3■' ■ ' ■ ' 1 are very small and are not sus ta ined  f o r  more than approximately
120 hr (F ig .  3 ) .  The very h igh QIO fo r  growth over the  range
6-lO^C i s  due to growth cont inuing a t  a constan t  r a t e  a t  lO^C and
thus  producing a much g r e a t e r  inc rease  in  length than was recorded ,
a t  6°C. R esp i ra t ion  has a lower minimum tempera ture ,  however.
Thus the QIO fo r  t h i s  process i s  h ig h es t  fo r  r a t e s  measured over
the lowest temperature  i n t e r v a l  and s t e a d i l y  d e c l i n es  when measured
over h igher i n t e r v a l s .
At the h ighes t  i n t e r v a l  of temperature  recorded, 10-14^C, 
growth and oxygen uptake of  maize d i sp la y  a QIO ty p i c a l  of many 
b i o lo g i c a l  systems (Forward, 1960). Pea i s  s t i l l  r a t h e r  h igher 
than might be expected but o the r  r e p o r t s  in  the l i t e r a t u r e  i n d ic a te  
t h i s  spec ies  has a high QIO fo r  many of i t s  growth processes  
(Kotowski, 1926), The c lose  c o r r e l a t i o n  between QIC fo r  growth and 
QIO fo r  r e s p i r a t i o n  seen in  the r e s u l t s  fo r  pea i s  not shown by the 
r e s u l t s  fo r  maize, F ig .  16.
The Arrhen ius p lo t s  fo r  growth and r e s p i r a t i o n  are  presented  ^
in  F ig s ,  17 and 18, (The r e s p i r a t i o n  r a t e  used mas t h a t  a f t e r  
120 hr in  the cold in c u b a to r s . )  For t h i s  type of graph more than ' Q
fou r  po in ts  are  d e s i r a b le  but even w i th the present  da ta  a trend
■ ' ■■e s t a b l i s h e d  in  the work of Lyons and Raison (1970) can be d e tec ted .
They obta ined the r e s p i r a t i o n  r a t e s  of m i tochondria i s o la t e d  from 
c h i l l  s e n s i t i v e  and c h i l i  r e s i s t a n t  p lan t  t i s s u e s  over a range of 
temperatures ,  0-25^C. Arrhenius p lo t s  of the da ta  f e l l  in to  two 
c las se s  which were d i s t i n c t i v e  of the  two groups of' p l a n t s  used,  !
They found in c h i l l  s e n s i t i v e  p lan ts  (tomato qnd cucumber f r u i t s  
and sweet pota to  roo ts )  a l i n e a r  decrease  in the Arrhen ius plo t 
down to approximately lO^C, There a break in  the graph occurred 
and below t h i s  temperature  the re  was a marked inc rease  in  the s lope .  I
In  c h i l l  r e s i s t a n t  t i s s u e s  ( c a u l i f lo w e r  buds, po ta to  tu b e r s ,  and
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F in .  17. Arrhenius p lo t  fo r  the  in c rease  in length of ro o t s  of pen (®------®)
and maize (&------A»), over 120 hr a t  2, 6, 30, or 14^0 ( f o l l o w i n g  germ inat ion
a t  20 C fo r  72 and 120 hrs r e s p e c t i v e l y ) .
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F in ,  18, Arrhenius p lo t  fo r  oxynen uptake by exc ised 1 cm root t i p s  of
pen (®-----©) and' maise (A— seed l ings ,  grown 120 hr a t 2, 6, 10. or
I d ' r  (follow ing germ inat ion a t 20 C fo r  72 and 120 h r - r e s p e c t i v e l y ) .
ir,...
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beet  ro o ts )  the re  was no ev idence of any break in the  graph, i t  
decreased l i n e a r l y  over the  range 25 -1 .5^C, In a l l  t i s s u e s ,  
phosphory la t ive  e f f i c i e n c y  (measured by the ADP:0 r a t i o )  remained 
cons tan t  a t  a l l  tempera tures ,  They concluded the  response of  s e n s i ­
t i v e  p lan t s  to  temperatures  in  the c h i l l i n g  range (O-IO^C) was to 
depress  m i tochondrial r e s p i r a t i o n  to  an ex ten t  g r e a t e r  than 
expected from QIO values  measured above lO^C, In the  p resen t  
exper iment pea i s  behaving as a t y p i c a l  c h i l l  r e s i s t a n t  p lan t  and 
maize as a c h i l l  s e n s i t i v e  p lan t  whether growth or r e s p i r a t i o n  r a t e  
i s  used to co n s t ru c t  the Arrhen ius p l o t .
Thus the Arrhen ius p lo t  of growth or r e s p i r a t i o n  r a t e  fo r
pea over the  range 14-2^C i s  a s t r a i g h t  l in e  whereas fo r  maize th e re
i s  a d i s t i n c t  break between the  temperatures  of  6 and 10®C, (At the 
lower temperatures ,  2 and 6^C, the slope of the  l i n e  i s  s teepe r  than 
a t  the h igher temperatures  10 and 14^C,) As was mentioned above, 
the  r e s p i r a t i o n  r a t e s  used to con s t ru c t  the Arrhenius p lo t s  were • 
those  a f t e r  120 hr in  the cold in cu b a to r s .  The ques t ion  a r i s e s  as 
to  whether the break in the Arrhen ius p lo t  fo r  ivjalze r e s p i r a t i o n  
r a t e  occurs between 6 and lO^C independent ly  of time of exposure to  
these  tempera tures ,  i . e , :  i s  r e s p i r a t i o n  r a t e  always markedly
depressed by temperatures  a t  and below 6^C compared to  temperatures 
a t  and above lO^C? An Arrhen ius p lo t  fo r  r a t e  o f  r e s p i r a t i o n  at 
the end of the germ inat ion per iod ,  i . e .  when the ro o ts  had exper-  •
ienred only 20^C, prov ides an answer to  t h i s  ques t ion  (F ig .  19).
I t  shows the break occurs between 2 and 6^Ci This  I n d ic a te s  t h a t
r e s p i r a t i o n  s u f fe r s  immediate d i s tu rbance  a t  2^0, but a t  6^C i t  i s
o ^only slowly d i s ru p te d .  Since a t  6 C, r e s p i r a t i o n  r a t e  i n i t i a l l y
d ec l i n es  and then p a r t i a l l y  recovers ,  (F ig ,  1 5 , ) ,  the d i s tu rbance
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F in .  19, Arrhenius p lo t  fo r  oxygen uptake by exc i sed 1 cm roo t  t i p s  of  
maize seed l ings ,  grown Ï20 hr a t  20 C,
77,
ind ica ted  by the  Arrhenius p lo t  i s  probably checked r a t h e r  than 
s t i l l  progress ing by the end of  the  exper imental  pe r iod .
Conclusion
Two important po in ts  a r i s e  from t h i s  exper iment.
1. In pea, a p lan t  e x h i b i t in g  cons tan t  growth r a t e s  a t  a l l  tempera­
tu r e s  in  the range 2-34^0, the re  i s  a c lose  c o r r e l a t i o n  between the 
responses  of r e s p i r a t i o n  r a t e  and growth r a t e  to tempera ture .  Th i s  
c o r r e l a t i o n  i s  not apparent  in  maize oyer the 2-6^C range .  At 2^C 
growth ceases but r e s p i r a t i o n  continues  a t  a low r a t e .  At 6^C 
growth almost stops over 5 days,  whereas r e s p i r a t i o n  r a t e  i s  q u i te  
app rec iab le .
2. Th i s  lack of c o r r e l a t i o n  in maize a r i s e s  from a d i s tu rbance  to  
r e s p i r a t i o n  a t 2 and 6^0, The ro o ts  d i sp lay  the phys io log ica l  
symptoms of c h i l l i n g  in ju ry  demonstrated by Lyons and Raison 
(1970),  Th is  i s  immediate a t  2^C but a t  6^0 i t  only becomes 
apparent over a prolonged per iod o f  time at  t h i s  temperature .
Th is  t h e s i s  i s  concerned with the, nature  of the  phys io log ica l
d i f f e r e n c e s  between pea and maize which provide fo r  the  growth of
pea a t  temperatures  j u s t  above O^C, C lea r ly  in  pea the liarmony
between r e s p i r a t i o n  r a t e  and growth r a t e  i s  one important fe a tu re
of t h i s .  From the conclus ions  of  the previous chap ter  i t  i s  seen 
t h a t  maintenance of sugar l e v e l s  in  the roo t  t i p  and a sp ec i f i c  
so lub le  carbohydrate  compos i tion are a l so  important f e a tu re s  in 
pea a t  2 and 6^C, In  maize, so lub le  carbohydrate  l e v e l s  are 
ma inta ined only a t  and above 6^0 and a l so ,  only then i s  a sugar 
composi t ion comparable to  pea e s t a b l i s h e d .
Of the four ques t ions  r a i s e d  a t  the end of  the  prev ious
chap te r  (p. 60’) ,  one can now be answered, t h a t  which asked the 
process u t i l i s i n g  soluble  carbohydrate  in  maize a t  2^C. The low 
r e s p i r a t i o n  r a t e  i s  considered r e s p o n s i b le .  The observed dec l ine  
in  the t o t a l  sugar content  determined from the data  in  Chapter 3 
i s  presented a longs ide  the c a lc u la te d  q u an t i ty  of sugar which 
would be consumed by the maize roo t  t i p  r e s p i r i n g  a t  the  average 
r a t e  determined in  t h i s  chap te r ,  Table 8.  I t  i s  c a lc u la t e d  th a t  
approx imately 40% of the  t o t a l  sugar l o s t  in  maize ro o ts  a t  2^0 
over the 120 hr  per iod can be accounted for  by r e s p i r a t i o n .  The 
low r e s p i r a t i o n  r a t e  i s  presumably s u f f i c i e n t  only fo r  ma in ta in ing 
the  i n t e g r i t y  of the roo t  c e l l s ,  a t  l e a s t  over 120 hr ,  and not fo r  
ma in ta in ing sugar l e v e l s  or prov id ing fo r  root growth. The causes 
of  the low r e s p i r a t i o n  r a t e  are now, of course,  a problem in them­
selves  r e q u i r in g  i n v e s t i g a t i o n .  This  problem i s  d iscussed  in  
Chapter 6,
The remaining th ree  ques t ions  were en q u i r ies  i n to  how 
temperature  a c t s  on the  ro o t  to cause the a l t e r a t i o n  o f  propor t ions  
of  sugars;  whether the p a r t i c u l a r  propor t ions  are of phys io log ica l  
s ig n i f ic a n ce  fo r  growth; and why, in  maize a t  2^C aqd to  some 
e x ten t  a t  6^C, does so lub le  carbohydrate  supply f a i l .  This  l a s t  
quest ion  i s  answered a t  l e a s t  p a r t i a l l y  by the r e s p i r a t i o n  r a t e s  
a t  these two temperatures .  At 2^C the very low r a t e  may be 
i n s u f f i c i e n t  to prov ide energy fo r  sucrose t r a n s p o r t  from the "seed" 
down to the roo t  meristem. .At 6^C r e s p i r a t i o n  r a t e  i n i t i a l l y  
dec l i n es  and then recovers .  The recovery i s  not thought to be 
due to progress ive  uncoupling occurr ing  as the seed l ings  are held 
a t  6^C (a view supported by the  work of  Creenc ia and Bramlage, 1971; 
Lyons and Rn ison. . l970). I t  i s  thought th a t  the recovery in 
r e s p i r a t i o n  r a t e  i s  coupled to ox id a t iv e  phophorylat ion and i s
7 9 .
Tpble 8 . Maize seed lin gs -(ncubated at 2*C for 120 hr. A comparisQn o f  
the d ec lin e  in  sua^r content in  the roots w^th the amount o f sugar 
consumed bv resp ira fip n .
To ca lcu la te  the amount o f sugar consumed by resp ira tig n .
Assume resp iration  p t  the roots proceeds according to  the equation:
>
^6*^12% 60g = 6C0g + 6HgO (Bqqation 1 .)
Average rate o f oxygen uptake o f 1 cm root t ip s  at 2**C i s
0 .4  jjl/hr/mg DW (F ig . 15 ). Therefore, over 120 hr, 48 ^1 0^ respired/mg DW
Since 1 jiM 0^ occupies 22 .4  ftl a t N .T .P .*
Then 48 jil Og = 8.14 jiM/mg DW.
From Equation 1. 2 .14  pM 0^ reacts with 0,352 pM hexose
X|jus 0.35^ pM of he#ose u tilised /m g  DW in  resp ira tion  o f  maize roots ,
a t f c  for 130 hr.
Measured d ec l ine  in  sugar conten t  i n  maize roots over 1|.20 hr a t  2^C. .
From chapter 3 the net d ec lin e  in  sugar content (g lu cose , fru ctose and 
sucrose  ^ considered as p o ten tia lly  two un its o f  hexose) at 2^ C 
over 120 hr i s  15.48 mg/g (F ig . 8 ) .
15.48 mg/g FW ~ 85 pM/gFW
Assume the DW o f the roots = l/lO  FW
Then d ec lin e  in  sugar content = 0 .85  pM/mg DW. ,
Thus resp iration  accounts for  x 100
= 41% of the sugar lo s s  in  the roots at 
V x  over 120 hr.
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making more energy av a i lab le  fo r  sugar t r a n s p o r t  and accumulat ion.
This  idea rece ives  support  from the observed changes in the sugar 
content in  the roo t  t i p  at,6^C in  maize.  The sugar con ten t  i n i t i a l l y  
dec l i n es  and then recovers .  Th is  p a r a l l e l s  the changes in 
r e s p i r a t i o n  r a t e  and i n d i c a t e s  the  c lose  in terdependence of these  
p rocesses .  Thus the outs tand ing  problems to be in v e s t i g a te d  
concern ing sugar metabolism are :  1) how temperature change i s  
respons ib le  fo r  change in  propor t ion  of the sugars,  p r i n c ip a l ly  
glucose  and sucrose ,  and 2) whether these  propor t ions  are  of s i g ­
n i f i ca n ce  fo r  r e s p i r a t i o n  and growth r a t e s  gr i f  they c o r r e l a t e  
w i th temperature independent ly  of these  p rocesses .
An i n v e s t i g a t i o n  of the second problem i s  descr ibed  f i r s t .
This  problem was in v e s t i g a te d  by at tempt ing to change the  propor­
t i o n s  of the var ious  sugars a t  the lower temperatures of  2 and 6^C 
and observe the e f f e c t  on r e s p i r a t i o n  and growth r a t e .  Th i s  
exper iment i s  descr ibed  in the follow ing chap te r ,
:
i
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CHAPTER 5
TO DETERMINE THE EFFECT OF EXTERNAL SUGAR SOLUTIONS ON 
ROOT GROWTH AND RESPIRATION RATES
In t roduc t i on
At temperatures  j u s t  above the minimum fo r  the growth of 
pea and maize roo ts  the p ropor t ion  of  sucrose (expressed as percent  
t o t a l  sugar) has been shown to  be r e l a t i v e l y  high while t h a t  of 
glucose was r e l a t i v e l y  low (p.  59 ) ,  The exper iment descr ibed 
below aims to d iscover  how s i g n i f i c a n t  these  propor t ions  are in 
in f luenc ing  r e s p i r a t i o n  r a t e  and fo r  support ing  growth, a t  low 
temperatures .  The approach used was to  t r y  and change the  i n t e r n a l  
l e v e l s  of p a r t i c u l a r  sugars ( t h i s  would a l t e r  the propor t ions  of 
a l l  sugars when, expressed as percent t o t a l  sugar) ,  and observe the :|
e f f e c t s  on both growth and r e s p i r a t i o n  r a t e s .  Th i s  was attempted 
by rep lac ing  the w a te r - s a tu ra te d  f i l t e r  paper on which the  seedl ing  
ro o ts  were grown wi th f i l t e r  paper s a tu ra ted  w ith d i l u t e  so lu t ions  
of p a r t i c u l a r  sugars .
Method
Seedl ings  of  pea and maize were germinated and grown as 
prev ious ly  descr ibed  (p .  16) ,  bu t ,  on t rans fe rence  tp the  cold 
incuba to rs ,  the seedl ings  were placed on f i l t e r  paper s a tu ra ted  
w i th 0,05 M f r u c to s e ,  glucose or sucrose so lu t ions  in s te ad  of wi th 
wa ter .  The concen t ra t ion  of  0,05 M was chosen because t h i s  
presented no osmotic d i f f i c u l t i e s  to  the young r o o t s .  Every 24 hr 
seedl ings  were t r a n s f e r r e d  to c lean  boxes with the appropr ia te  f resh
02
sugar s o lu t i o n .  This  was to  ma in ta in  the sugar concen t ra t ion  
around the  ro o ts  and minimise the growth of m icroorgan isms. The 
boxes and so lu t io n s  were prev ious ly  e q u i l i b r a t e d  to  the exper imenta l  
tempera tures .  Only the two lowest temperatures were used, 2 and 6^C, 
and seedl ings  were kept in  the cold incubators  over the  standard 
120 hr per iod .  Growth of the ro o ts  was recorded by the  method 
descr ibed on p. 10 , At the end of the  120 hr per iod the sugar 
content  and the r e s p i r a t i o n  r a t e  of the root- t i p s  was determined 
by the methods descr ibed  in  Appendices 1 and. 2 r e s p e c t i v e l y ,  but 
w i th the following m od i f ica t ions .  F i r s t ,  the roo t  t i p s  to  be 
analysed fo r  sugar content ïvere r in sed  thoroughly,  in th ree  changes 
of d i s t i l l e d  water ,  to  remove the e x te r n a l  sugar s o lu t io n  before . 
be ing su r face -d r ied  and weighed. Second, while in the  Warburg 
f l a s k s ,  the roo t  t i p s  used in  the de term ina t ion  of r e s p i r a t i o n  r a t e  
were bathed in  phosphate b u f f e r  con ta in ing  0.05 M concen t ra t ion  of 
the  same sugar as t h a t  in  which the roo ts  had been growing. Water- 
grown con t ro l s  were t r e a t e d  s i m i la r ly  to  the seedl ings  grown in the 
sc^ar so lu t io n s .
Result s  and D iscussion
Pea and maize seedl ings  were grown fo r  120 hr  a t  2 or 6^C
in the presence of e i t l ie r  f r u c to s e ,  glucose or sucrose solu t ions*
Three se ts  of da ta  were obta ined from the exper iment:
1 * The absolu te  l e v e l s  and propor t ions  of sugars i n  the seedl ing  
ro o t  t i p s  a f t e r  the 120 hr per iod ,
2. The r a t e  of growth of the ro o ts  dur ing  the 120 h r ,
3. The r a t e  of r e s p i r a t i o n  of  the root t i p s  at  the end of the 120
hr per iod .
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The aim of growing the ro o ts  in the presence of sugar 
so lu t ions  was to ob ta in  propor t ions  of  sugars in  the ro o ts  d i f f e r e n t  
from th a t  in  water grown c o n t r o l s .  Thus the r e s u l t s  fo r  the pro­
por t ions  of sugars in  the ro o t  t i p s  are presented f i r s t  to  show 
the in s tances  where t h i s  change of propor t ions  was ach ieved. No 
attempt was made to demonstrate tlie process of uptake of  sugars from |
the  so lu t ions  ba th ing  the  r o o t s ,  Where roo ts  were suppl ied with 
sugars and the  i n t e r n a l  l ev e l s  of sugars were found to  be s i g n i f i -
Ic an t ly  d i f f e r e n t  from the water c o n t r o l s ,  i t  was assumed th a t  uptake . 
of sugars had occurred and was re spons ib le  fo r  the d i f f e r e n c e s .
There are many r e p o r t s  of  uptake of sugars from the e x te r n a l  medium
by roo ts  (Hellebust  and B idwoll,  1962; Brown and S u t c l i f f e ,  1950). .. |
Grant and Beevers (1964),  recorded the uptake of g lucose ,  by the 
exc ised d i s t a l  2 cm segment of maize ro o t s ,  from a 0.001 M so lu t ion  1
' ' Ïd e sp i te  a c a lc u la te d  minimum i n t e r n a l  concen tra t ion  of 0.05 M g lu -  -i
cose.  Furthermore,  t!ie glucose taken up mixed e x ten s iv e ly  with the 
endogenous pool,  (Thus the  s p e c i f i c  a c t i v i t y  of evolved in
r e s p i r a t i o n  a f t e r  feed ing the roo ts  w i th uniformly C ^^- labe l led  1
' Iglucose  was, as p red i c ted ,  1/6 of the  s p e c i f i c  a c t i v i t y  of the J
glucose ex t ra c te d  from the t i s s u e . )  White (1951),  us ing exc ised %
ro o ts  of pea, demonstrated t h e i r  a b i l i t y  to u t i l i s e  suppl ied sucrose i
or g lucose.  Thus i t  seems c e r t a i n  t h a t  sugar uptake occurred in the 4
present  exper iment.  The low temperatures  used may r e t a r d  the r a t e  
of uptake (Grant and Beevers, 1964, repor ted  t h a t ,  in c a r r o t  d i s c s ,  
r a t e  of  uptake was ten times f a s t e r  a t  25°C than a t  3^C), but with 
the  long per iod of exposure to the sugar so lu t ions  (120 h r ) ,  i t  
was hoped to overcome t h i s  problem and allow fo r  en t ry  of a t  
h'usL some sugar in to  tiio root c o l l s .
■I
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1. Proport ions  of sugars in  the  ro o t  t i p s  a f t e r  growth in sugar 
s o lu t io n s  or in water .
Table 9 g ives  the propor t ions  of the component sugars (as 
percent t o t a l  sugar ) ,  in the  roo t  t i p s  of pea and maize grown in 
so lu t ions  of f ru c to se ,  glucose or sucrose ,  and in the water-grown 
c o n t r o l s .  Changes in the propor t ions  of glucose and sucrose are 
of  p a r t i c u l a r  i n t e r e s t ,  see p. 59 , and are bes t  revealed  by com­
par ing the r a t i o  of glucose to  sucrose in  the exper imenta l  t r e a t ­
ments wi th the r a t i o  fo r  the water-grown c o n t ro l .  (The proport ions  
of f ruc tose  in roo ts  of both spec ies  va r ied  l i t t l e  as between roo ts  
suppl ied with any of the th ree  sugars and roo ts  suppl ied with water .  
Thus changes in  r a t i o  of f ruc tose  to glucose or to sucrose are due 
to  changes in the glucose or sucrose leve l s  a lbne .  For  t h i s  reason 
the r a t i o  of f ru c to se  to glucose or to  sucrose i s  not considered) .
From Table 9 i t  can be seen t h a t ,  in  pea roo ts  suppl ied with 
sugar so lu t i o n s ,  the g lucose /sucrose  r a t i o  i s  markedly d i f f e r e n t  
from the  pater-grown con t ro l  in  only two cases;  when grown in  
glucose so lu t io n  a t  2^C, and in  sucrose so lu t ion  a t 6^C; whereas 
in  maize the presence of any of  the  t i iree sugar po in t ions  e x t e r ­
n a l ly  r e s u l t e d  in s u b s ta n t ia l  changes in the propor t ions  of glucose 
and sucrose in the roo t  t i p ,  both a t  2 and 6^C. The g r e a t e r  ' 
s t a b i l i t y  of the propor t ions  of glucose and sucrose in  pea roo ts  
r e f l e c t s  the f a c t  t h a t  pea a l ready  possesses  a metabolism su i ted  to 
making growth a t  low temperatures  and thus i t  may not be expected . 
to respond to  a ttempts  to change the  sugar balance of the  roo t  t i p .  
I t  presumably a lready possesses  l e v e l s  of sugars which are  omptimal 
or a t  l e a s t  adequate fo r  the  c o n d i t io n s .  By c o n t r a s t ,  in  maize a t  
6^C, and e sp e c ia l l y  a t  2^C, sugar metabolism has been shown to  be
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in the d i s t a l 1 cm of the ro o ts  o f  pea and maize seedl ings-  grown 120
f
hr in the oresenee of 0.05 M f r u c to s e . glucose or sucrose so lu t ion  or
in d i s t i l l e d water,  a t  2 o r ' (Seedl ings  i n i t i a l l y  germinated fo r é
72 or 120 hr r e s p e c t i v e ly  a t  2 0 ^ 0
•
< ■5
Solu t ion 
bath ing 
the roo ts
To ta l  sugar content Proport ion  of  sugar in the roo t  t i p  (% 
t o t a l  sugar content )
Glnrnse /
sucrose
r a t i omy/y r »» /u OUll 11 U X
Fruc ­
to se
g lu -  Suc- 
cose rose
-4
■ Pen a t  2*C •
Water 14.08 100 24 29 47 0.62
Fruc tose 16,’26 115 23 27 50 0.54 ' vj
G1ucose 24,76 176 20 40 4n 1.00 .
Sucrose 26.26 187 20 28 52 0.54
Pea a t  6^C .
Wnter 13.^2 100 20 5b 30 1.67
Fruc tose 18.40 157 26 45 29 1.55
Glucose 17.60 135 24 49 27 1.81 ■ i
Sucrose 26.7 205 • 21 43 36 . ' 1.19
Maize a t  2^C
Water 14.00 100 23 51 27 1.89
F ruc tose 16.62 119 28 34 38 0.89
Glucose 24.14 172 19 43 39 1.10
Sucrose 26.56 190 21 36 43 . 0.84
Maize a t  6^C
Water 28.07 100 28 39 33 1,18
Fruc tose 32.50 116 32 43 25 1.72
Glucose 30.98 110 30 ' 44 26 1.69
Sucrose 33.24 118 30 , 43 27 1.59
,1:|
MA
severe ly  d i s tu rbed  ( the  r a t e  of u t i l i s a t i o n  i s  much g r e a t e r  than 
r a t e  of supply,  p, 6 0 ) ,  and growth i s  not ma inta ined fo r  more than ' 
a short  per iod .  The e x te rn a l  supply of sugars to  the  ro o ts  may 
provide the ex t ra  sugars needed to  allow change in the i n t e r n a l  
sugar leve l s  to tliose which are b e t t e r  su i ted  to the low tempera­
tu r e  cond i t ions .
In ad d i t ion  to  the  propor t ions  of  sugars showing s i g n i f i c a n t  
a l t e r a t i o n s  under the var ious  condi t ions  the t o t a l  sugar content 
a l so  var ied  in both sp ec ies .  Th i s  i s  d iscussed  below before  the 
consequences of both these  changes fo r  growth and r e s p i r a t i o n  rnto# 
are  d i scussed .
2. To ta l  sugar content  of the r o o t .
In a l l  cases ,  with both pea and maize, roo t  t i p s  bathed in  
the  sugar s o lu t io n s  had g r e a t e r  i n t e r n a l  sugar con ten ts  than t h e i r  
re sp ec t i v e  water-grown c o n t ro l s ,  al though in c e r t a i n  in s ta n ce s  the 
in c rease s  over the con t ro l  were small and may not have been 
s i g n i f i c a n t .  Thus in maize roo t  t i p s ,  following growth a t  6^C in 
the presence of any of the  th ree  sugars ,  the i n t e r n a l  sugar content 
was not more than 20% g r e a t e r  than the water-grown c o n t r o l .  Also,* 
supply ing f ruc tose  to the ro o ts  o f  e i t h e r  spec ies  u sua l ly  ra i sed  
the i n te r n a l  sugar content by not more than 20% above the con tro l  
value (pea suppl ied w ith f ruc to se  a t  6^C was an except ion  to t h i s ,  
sugar content of tiie roo ts  was 57% g r e a t e r  than the c o n t r o l ) .  An 
ex te rna l  supply of glucose or sucrose was re spons ib le  fo r  the
m ajo r i ty  of large  in c reases  in t o t a l  i n t e r n a l  sugar con ten t .
At 2^C the increased  content of t o t a l  sugar ;tn maize 
grown in the presence o f  glucose or sucrose so lu t ion  (but not
I
fructose  s o lu t i o n ) ,  i s  s u f f i c i e n t  to r a i s e  the t o t a l  sugar content  
to near the leve l  before the ro o ts  rece ived  the cold t rea tm en t ,
Table 10. The cont inuous d ec l ine  in  con ten t .w i th  time seen in the 
water-grown con t ro l  (F ig ,  8 and Table 9 ) ,  i s  la rg e ly  o f f s e t ,  
i n d ic a t i n g  t h a t ,  in  the roo t  t i p s  rece iv ing  glucose or sucrose 
e x t e r n a l l y ,  the problem of supply to  the roo t  t ip  i s  overcome.
In pea a t  both 2 and 6^C and in maize a t  6^C the leve l  of 
sugar i s  ma inta ined or s t a b i l i s e s  in  roo ts  grown in water over the   ^
120 hr period (F igs ,  7 and 0 ) .  The sugars in tlie e x t e r n a l  so lu t io n s  
serve  to supplement sugars t r a n s lo ca te d  from the ’’seed” and g ive 
the  increascxl l e v e l s  observed. Table 9.
In pea the re  i s  a very marked accumulation of sugar in the 
ro o t  t i p s  suppl ied e x t e r n a l l y  wi th any o f ' t h e  th ree  sugars over the 
level of sugar in the roo ts  of water-grown co n t ro l s  (except in one 
in s tance  when f ruc to se  i s  suppl ied to  the roots  a t  2^C, where the re  
i s  l i t t l e  accumulat ion),  Table 9, Th i s  accumulation of sugars in 
the  roo ts  a t  low temperatures ,  made poss ib le  by the e x te r n a l  supply, 
may be compared with the accumulat ion seen in sweet po ta toes ,  by 
s ta rch  hyd ro lys i s ,  and in  c e rea l  leaves ,  by pho tosynthes i s ,  
d iscussed on p . 55-7 (Arreguin-Lozano and Bonner, 1949; V a s i l ’yev, 
1961). The accumulation of sugar in these  two cases  was in 
response to low temperatures  as i s  seen fo r  pea ro o ts  and, to a 
l e s s e r  ex ten t ,  maize roo ts  s tud ied  here ,
3. The e f f e c t s  of changes in the sugar proport ions  on growth and 
r e s pi r a t i o n  r a t e s  of the  r o o t s .
a ) Pea a t  2^C
In F ig .  20 the inc rease  in  roo t  length i s  p lo t t e d  for roo ts  
bathed in  the sugar s o lu t io n s  and the water-grown c o n t r o l s ,  and in
8 8 .
Table  10, To ta l  sugar content in  the d i s t a l  1 cm of ro o ts  of  maize 
seed l ings  before  and a f t e r  o per iod of 120 hr a t 2^C in the presence 
of var ious  sugar so lu t io n s  or w a t e r .
Cond i t ions  of growth
120 hr a t  20^0 
(germ inat ion per iod)
Solu t ion  ba th ing 
the  roo ts
T o ta l sugar content
mg/g FW % of  value 
a t  end of 
germ inat ion ' 
per iod '
only D i s t i l l e d  water 29,50 100 • .
plus  120 hr 2° C D i s t i l l e d  water 14.02 48
plus 120 hr 2®C '0 ,05  M f ruc to se 16.62 56
plus  120 hr 2^: 0,05 M glucose 24.14 82
plus 120 hr 2®C . 0,05 M sucrose 26,56 90 '
0 .8
0.4
Time -  Hr
F i g ,  20. Mean inc rease  in  length  of pea seedl ing ro o ts  grown a t 2 C aga in s t  .
t ime.  Seedl ings grown in  the presence of 0.05 M f ru c to se  (A A ) , glucose
(V v )  or sucrose so lu t ion  ( »  SB), or d i s t i l l e d  water ( • ------ o ) .  Time 0
h r .  was a f t e r  germ inat ing seeds 72 hr a t  20 C. (For c l a r i t y  f ruc to se  e r r o r  
bars  not shown.) .
r;, -......... .
0 0 .
Tnb1e .11, Growth and r e s p i r a t i o n  rn le s  of the pee roo t  a f t e r  120 hr nt 
2^C in t he presence of 0.05 M s o lu t io n s  of e i t h e r  f r u c to s e ,  glucose or 
sucrose ,  or d i s t i l l e d  water .  (At the  s t a r t  of the exper iment geedJinps 
had been germinated 72 hr nt 20^C.)
Solu t ion  bath ing Growth r a t e . R esp i ra t io n  r a t e
the ro o t s . mm/l20hr/root* ^co n t ro l ul  Og/hr/mg ‘"'DW
^co n t ro l
Water (co n t ro l ) 2.37 t  0.27 100 0.75 100
F r uctose 2.29 ± 0.21 97 0.74 90
Glucose 3.28 ± 0.20 130 0.02 109
Sucrose 2.62 t  0.21 111 0.68 91
Calcula ted  from the 
four se ts  of po in ts
s lopes of the  
in F ig .  20,
bes t  s t r a i g h t l in e s  through the
'1
Table 11 the growth r a t e s  presented are der ived from the slopes of 
tlu> bes t  s t r a i g h t  l i n e s  f i t t i n g  the four  s e t s  of po in ts  on th i s  
graph.
At 2^0, the growth r a t e  of ro o ts  suppl ied w ith glucose i s  
s i g n i f i c a n t l y  h igher than w i th e i t h e r  of the o ther  two sugars or the  
water-grown c o n t ro l .  Resp i ra t ion  r a t e  i s  also  h ighes t  in the 
glucose-grown roo ts  (.9% h igher  than the c o n t ro l ,  Table 10).
Th i s  in c rease ,  however, may not be s i g n i f i c a n t ,  the  value  of 9% 
be ing the average r e s u l t  of r e p l i c a t e d  exper iment,  (In  t h i s  and a l l  
cases  r e p l i c a t e s  agreed w i th in  5% of each o ther. )  Thus in  pea a t  
2^C, where the  r a t i o  of glucose to sucrose in the root has been 
r a i s e d  by supply ing glucose e x t e r n a l l y ,  growth ro te  has been 
increased s u b s t a n t i a l l y  (39%), and t h i s  i s  accompanied by a smal ler • 
Inc rease  in  r e s p i r a t i o n  r a t e  (9%),
By comparison, the g lucose /sucrose  r a t i o  in ro o ts  supplied 
w ith f ruc tose  or sucrose was s im i la r  to the con t ro l  and no 
s i g n i f i c a n t  changes in growth or r e s p i r a t i o n  r a t e s  were observed.
b ) 2en a t  6^C
At 6^C, however, the s i t u a t i o n  i s  not so c l e a r .  T.here are 
no s i g n i f i d a n t  d i f f e r e n c e s  in growth r a t e  under any of tlie trea tments
compared with the water con t ro l  but tlie r e s p i r a t i o n  r a t e  i s  19% 
higher in  those ro o ts  bathed in  glucose compared w ith the co n t ro l ,  
F i g ,  21 and Table 12, Th i s  i s  d e sp i te  the f a c t  t h a t  only when the 
roo ts  were grown in  sucrose so lu t io n  were the sugar propor t ions  
s i g n i f i c a n t l y  d i f f e r e n t  from the c o n t ro l .  I t  may be t h a t , a t  
t ' - i s  temperature ,  which i s  well  above the minimum for  gro^vth of ■ 
po') r o o t s ,  a l a rg e r  change in the  g lucose /sucrose  r a t i o  i s  requ ired  
for there to be a s i g n i f i c a n t  e f f e c t  on growth r a t e .
x:
M
48
Time -  Hrs
F in .  21. Mean inc rease  in length of pea-seedl ing  ro o ts  a t  6 C aga in s t  time
Üoots grown in the presence of 0.05 M f ru c to se  (Ac A), giiicoso (V v)
Or sucrose so lu t ion  (a o), or d i s t i l l e d  water (o- Time 0 h r .
was a f t e r  germ inat ing the seeds 72 hr a t  20^C, (For c l a r i t y  f ruc tose  
r  r 0 r  h a r  s not s h own. )
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1'able 12. Growth and resp irat ion r a t e s  of t h e pen roo t  a f t e r  120 hr  a t  
6^C in the presence of 0.05 M so lu t ions  of e i t h e r  f r u c t o s e . nlucose or 
sucrose,  or d i s t i l l e d  water .  (At the s t a r t  of the  exper iment the seed- 
l ings  had been grown 72 hr nt 20^C. )
Solu t ion  bath ing 
the roo ts
Growth r a t e R esp i ra t io n  r a t e
mm/l201ir/root* ^ c o n t ro l ul  Og/hr
mg DW
^c o n t ro l
Water (co n t ro l ) 9.48 t  0.53 100 1.30 100
F r u e t o se 9.56 t  0.25 101 1.37 105
Glucose 9.48 t  0.44 100 1.55 119
Sucrose 9.42 t  0.41 ibo 1.34 .103 '
'Calcula ted  from the slopes of the  bes t  s t r a i g h t  l i n e s  through, the  four * 
s e t s  of po in ts  on F ig .  21.
■'1 ■i
The d i f f e r e n t  responses oC the roo ts  to glucose versus  
f ruc tose  in the one case ,  and to the monosaccharides ve r su s ' su c ro se  
in the other have been repor ted  in  o the r  s t u d i e s u s i n g  roo t  
c u l t u r e s . White (1951) repor ted  th a t  sucrose was supe r i o r  to 
glucose ns an energy source in c u l tu r in g  pea roo ts  (growth'was 
f a s t e r  and the ro o ts  more robus t ,  with a l a r g e r ,  more e x ten s iv e ly  
l ign iC ied  s t e l e  and more c e l l  l ayers  in  the cortex) ' .  Butcher and 
S t r e e t  (1964),  working witii tomato roo t  c u l tu r e s ,  repo r ted  s im i la r  
f in d in g s .  They descr ibed the g lu cose -cu l tu red  ro o ts  as "ca rbo ­
hydrate  d e f i c i e n t " .  Th i s  was d e sp i te  the f a c t  t h a t  both sucrose 
and glucose were ra p id ly  absorbed by starved mature ro o t  c e l l s  and 
p, s im i la r  p a t t e rn  of in co rp o ra t io n  in to  c e l l u l a r  f r a c t i o n s  
was found a f t e r  feed ing uniformly la b e l led  glucose or sucrose ,
Also, these  s ta rved c u l tu re s  showed a s t im u la t ion  of  r e s p i r a t i o n  
r a t e  when glucose ,  f ru c to se  or sucrose was suppl ied . Th is  paradox 
w < resolved when the  roo t  apex (the  reg ion whore roo t  growth 
occurs ) ,  was analysed s ep a ra te ly  from tlie whole roo t  c u l tu r e .
Then i t  was found a f t e r  sucrose feed ing th a t  h igher l e v e l s  of 
sucrose ,  f ruc tose  and glucose were e s t a b l i s h e d  in t h i s  zone. After 
glucose feed ing these  h igher l e v e l s  were not e s t a b l i s h e d  in the
growing zone of the  roo t  apex. The mature root c u l tu r e s  responded
only to sucrose s ince only sucrose was t r an s lo ca ted  to the  root 
apex from‘mature c e l l s .
In the p resen t  exper iment the  d i s t a l  1 cm of the  roo ts  was
analysed. Th is  u n i t  i s  la rg e r  than t h a t  r e f e r r e d  to  by Butcher
and S t r e e t  ( they were concerned with the d i s t a l  5 mm), but never­
t h e l e s s ,  in  i n t a c t  pea roo ts  as in  cu l tu red  tomato ro o t s ,  supplying 
sucrose r a i s e s  the i n t e r n a l  sugar content  to a h igher l e v e l  than 
when supply ing glucose or f r u c to s e ,  Table 9, However, in  pen, the
I
- I
increased  sugar content of the ro o ts  a f t e r  supplying sucrose i s  not 
assoc ia ted  with an increase  in  roo t  growth. This may be because 
the sucrose supply does not s t im u la te  r e s p i r a t i o n  r a t e  of the  i n t a c t  
r o o t ,
c ) Maize a t  2^C
Table 9 shows th a t  nt  2^C the propor t ions  of glucose and 
sucrose in the roo t  t i p s  of maize are a l t e r e d ,  r e l a t i v e  to  the 
c o n t ro l ,  by supplying any of the th ree  sugar so lu t io n s  e x t e r n a l l y .
The g lucose /sucrose  r a t i o  i s  lowered and reaches values  which are  
the  lowest recorded fo r  maize a t  any temperature ,  Table 13. Thus H
trend e s t a b l i s h e d  in pea over the temperature range 2-}4^C 
now becomes ev ident in na izc  even a t  . Th i s  trend in pea was 
towards e s t a b l i s h i n g  o r e l a t i v e l y  h igher leve l  of sucrose and lower 
]evc l  of glucose ( i . e . :  a r e l a t i v e l y  low g lucose /sucrose  r a t i o )
wi l l  Sower temperature .  In maize ro o t s ,  suppl ied only ^ i t h  water,  i
t h i s  trend was observed only over tlie temperature range 6-14^C 
(see  p. 5 9 ) .  Now, follow ing incubat ion  of maize roo ts  a t  2*^ C in 
the presence of f r u c to s e ,  glucose or sucrose,  the trend i s  extended 
to include  t h i s  tempera ture .  Since the metabolism of pea i s  able 
to  support  l i n e a r  growth r a t e s  over the range 14 down to  2^C, an 
a l t e r a t i o n  in the metabolism of maize which r e s u l t s  in c lo se r  
resemblance to the metabolism of pea i s  regarded as an a l t e r a t i o n
b e t t o r  s u i t i n g  the maize root to grow a t  t h i s  temperature ,  2^C. ,
I t  i s ,  in f a c t ,  found t h a t  the  maize root i s  able to make
s i g n i f i c a n t l y  more growth in the  presence of glucose so lu t iop  
compared wi th the c o n t ro l ,  F ig ,  22 and Table .14„ Fructose  and 
sucrose so lu t io n s ,  however, do not a f f e c t  growth of the maize r o c  
s i g n i f i c a n t l y .  Growth r a t e s  over success ive 24 hr I n t e r v a l s  at  2*
Table 13. Bronort lons  of glucose and sucrose In the d i s t a l  1 cm of 
roo ts  of maize grown 120 hr a t  var ions  temperatures and in d i f f e r e n t  
so lu t i ons.  (At. the s t a r t  of the  exper iment seedl ings  had been 
eerminoted 120 hr a t  20^^C.)
Cond i t ions  of growth % t o t a l  sugar es:
glucose sucrose
Glucose /sucrose
r a t i o
in water 62 12* 5.17
10*C in water 46 26* 1.77.
in water 39 33* 1,16
o^ V i n water 53 27* 1,69
in 0.05 M fruc tose 34 38 0.69
2^C in 0.05 M glucose . 43 39 1.10
in 0.05 M sucrose 36 . 43 0,84
Values obta ined from F ig .  10.
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0.2
O.C
Time r- Mrs,
F in .  22. Mean inc rease  in length of ma ize-seedl ing ro o ts  a t  2 C aga in s t
t ime.  Roots grown in  the presence of 0.05 M f ruc to se  (▲----- aà),, glucose
og water ((V or sucrose so lu t io n s  (@-
a f t e r  germ inat ing the seeds 120 hr  a t  20 C. 
e r r o r  bars not shown.)
»).
(For c l a r i t y
Time p  hr was 
f ruc tose
. 98,
T able 14, Growt It and r e s p i r a t i o n  r a t e s . o f  the maize root, a f t e r  120 hr
ot  2^C in the presence of 0.05 M so lu t io n s  of e i t h e r  f r u c to s e ,  glucose
or sucrose,  or d i s t i l l e d  water ,  (At the s t a r t  of the  exper iment seed-
J iuas  had been germinated 120 hr nt 20^C.)
Solu t ion  bath ing 
the  roo ts
Growth made over f i r s t  
120 hr a t  2 C
mm/root ^co n t ro l
R esp i ra t ion  r a t e
il O^/hr/  ^con t ro lM "0 'mo -DW
W^'ter (co n t ro l ) 1.10 ± 0.15 100 0.39 100
Fructose ' 1.29 ± 0,14 117 0.72 185
G] u.cose 1.55 t 0.14 139 0.55 140
Sucrose i .0 5  t 0.11 95 0.45 116
99 ;
d e c l i n e  a t  approx imately equal r a t e s  in  water-grown ( c o n t r o l )  roo ts  
and in the roots  grown in  the th ree  sugar so lu t ions  bu t  where glücose  
i s  the sugar suppl ied e x t e r n a l l y  the  e f f e c t  of  the  low temperature  
on growth r a t e  i s  le ss  marked over the  i n i t i a l  24 hr  per iod a t  29C,
F ig ,  23, This r e s u l t s  in  the  observed s t im u la t ion  of  growth a t  2%
when roots  are  bathed by glucose s o lu t i o n .  In t h i s  connect ion i t  i s  
notable  t h a t  in  roo t  c u l tu re  of monocotyledons, glucose  has repea ted ly  
bucn found super io r  to sucrose in  support ing  growth, (Butcher and 
S t r e e t ,  1964; Dure, 1960 a and b; White, 1951).
R esp i ra t ion  r a t e  of  roo ts  grown in  f ruc to se  or  glucose  so lu t ion  
i s  markedly h igher than the r a t e  in  the c o n t r o l .  The r a t e  fo r  roo ts
in  f ruc to se  so lu t i o n  i s  e s p e c i a l l y  high* Sucrose produces only
a small inc rease  in  r a t e  (Table 14).
Thus in  maize a t  20C the e f f e c t s  of  supply ing d i f f e r e n t  sugars 
tv the roo ts  can be summarised as fo llows:
1. Supplying f r u c to s e ,  glucose o r  sucrose r e s u l t s  in  the es tab l i shm en t
in  the roo ts  of a g lucose /sucrose  r a t i o  lower than t h a t  recorded in  roo ts  
suppl ied only with wa ter ,  e i t h e r  a t  20C, or  a t  any o th e r  tempera ture .
2. Supplying glucose or sucrose r e s u l t s  in  maintenance of the 
i n t e r n a l  sugar con ten t  of  the roo ts  over the  f ive  day per iod a t  2®C 
(compared w i th the d ec l i n e  in  con ten t  observed w i th f ru c to se  or
water ,  to values of 56 and 48% r e s p e c t i v e ly  of  the  i n i t i a l  l e v e l ) .  Table 10.
3.  Supplying f ru c to se  or  glucose s t im u la te s  the r e s p i r a t i o n  r a t e  
over the value observed both fo r  the  water-grown co n t ro l  and fo r
roo ts  suppl ied w i th sucrose .
4.  Only a supply of glucose to  the  roo ts  of maize a t  2^C r e su l ted  
in  any s t im u la t ion  of  roo t  growth and only glucose produced a 
p o s i t iv e  e f f e c t  on the th ree  f e a tu re s  of carbohydrate metabolism 
b(:; ng stud ied over the f ive  day per iod a t  2^C, t h a t  I s  on the 
es tab l i shmen t  of a low g lucose /sucrose  r a t i o ,  on the  maintenance
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F in .  23, Growth r a t e s  of roo ts  of seedl ings  of maize grown a t  2 C in
c i t h e r  d i s t i l l e d  water (©------&) or 0.05 M so lu t ion  of glucose (v v ) ,
f ruc tose  (Æ 6. ) or sucrose (
i n c rease  in length of roo ts  over success ive 24 hr i n t e r v a l s  and p lo t ted  
a t  t imes midway between these  i n t e r v a l s .  At time 0 hr seed l ings  had 
been germinated 120 hr a t  20 C.
■®), Rates determined as the mean
g m .  .
0 r the i n t e r n a l  sugar con ten t ,  and on the maintenance of  on 
adequate r e s p i r a t i o n  r a t e ,
d ) Maize a t  6^C
At 6*^ C the g lucose /sucrose  r a t i o  i s  .higher in roo t  t ip s  
grown in sugar so lu t ions  than the c o n t r o l ,  Table 9. However, 
growth r a t e s  in the presence of any of the three  sugar so lu t ion’s 
are not s i g n i f i c a n t l y  d i f f e r e n t  from the  con tro l  (F ig s .  24-25),  
althougli with glucose and sucrose so lu t io n s  bath ing the  roo ts  the 
growth r a t e s  are h igher than the  con t ro l  by 11 and 9"v r e s p e c t i v e ly ,  
Table 15. Also, growth r a t e  siiows less  tendency to d ec l ine  over ,  
tlie 120 hr period when sucrose or glucose so lu t ion  i s  suppl ied,  
than when water alone i s  suppl ied to  the ro o t s .  Th i s  i s  e sp e c ia l ly  
c l e a r  between time 72-120 hr .  Between each 24 hr i n t e r v a l  w i th in  
t h i s  time there  i s  a s i g n i f i c a n t  inc rease  in the length  of the 
roo ts  grown in glucose or sucrose so lu t io n s  but in the water-grown 
c o n t ro l  and in roo ts  bathed with f ruc tose  so lu t ion  the e r r o r  bars 
of success ive  po in ts  on the graph overlap* Approximately 100 roo ts  
were used fo r  eacli de term ina t ion  of growth r a t e .  I t  i s  poss ib le  
t h a t  i f  more were used a s i g n i f i c a n t  in c rease  in growth in  the ' 
presence of glucose and sucrose s o lu t io n s  over the. co n t ro l  may be 
found. The inc rease  in r e s p i r a t i o n  ro te  of roo ts  suppl ied with 
glucose or sucrose favours t h i s  p o s s i b i l i t y  (Table 15).
Summary of exper iment
The aim of the exper iment was to e s t a b l i s h  whether or not 
the propor t ions  of sugars in the roo ts  of pea and maize seedl ings  
d i r e c t l y  a f fec ted  growth r a t e  and r e s p i r a t i o n  r a t e  of ro o t s .  The 
method adopted was to t ry  and change the propor t ions  of sugars in 
the ro o t s ,  by ba th ing  the roo ts  in  0,05 M so lu t ions  of f ru c to se ,
\ \:
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F ig .  24. Mean inc rease  in length of maize seedl ing ro o t s  n t  6 C aga in s t  
t ime.  Roots grown in  the  presence of 0,05 M f ruc to se  so lu t ion  (&-——a ) or wa ter  (#- 
20*0 . ime 0 hr  was a f t e r  germina t ing the  seeds 120 hr a t
- to
0 .4
120
Time -  Ors
25. Mean inc rease  in lenn th of maize seedl ing ro o t s  a t  6 C egn ins t  
Ooots grown in the  presence of 0.05 M glucose (v—— v) or sucrose 
- a )  s o lu t io n .  Time 0 hr was a f t e r  germ ina t ing the  seeds 120 hr a tt  i me
104.
Table 15. Groin h and r e s p i r a t i o n  r a t e s  of the maize roo t  a t  6 C in 
the  p resence  of 0 .05 M sol u t i ons o C e i t h e r  f r u c t ose, g lucose or 
sucrose ,  or d i s t i l l e d  wa ter .  (At the  s t a r t  of the exper iment seed Iruns 
had been germinated 120 hr a t  20^C,)
Solu t ion  ba th ing 
the roots
A-ater (co n t ro l )  
Fructose  
G1noose 
S n r . r o s o
Growth made over f i r s t  
120 hr a t  6 C
mm/root ^ c o n t ro l
2.60 I  0.17 100
2.64 t  0.20 94
3.10 1 0.16 111
3.06 t  0.16 109
Res pi  r a t i o n  ra te
ul 0^ /h r  ^con t ro l  
mg ’"DW
1.04
1.06
1.54
1.31
100
102
148
126
1 0 5 ,
glucose or sucrose,  and observe the consequences fo r  growth and
r e s p i r a t i o n  r a t e s .  The i n v e s t i g a t i o n  was nt two temperatures ,  2
and 6^C, and n i l  measurements of the sugar p ropo r t ion s ,  growth
r a t e s  and r e s p i r a t i o n  r a t e s  were r e f e r r e d  to the values  fo r  roots
of water-grown seed l ings  ( the  c o n t r o l ) .  In the course of the
exper iment a f u r t h e r  fe a tu re  of sugar metabolism, found to  be of
s ig n i f ic a n ce  fo r  growth r a t e ,  was the t o t a l  sugar content  of ro o t s .
Cond i t ions wliere the ex te rna l  sunoly cC sugars r e s u l t e d
in siri ft.s in the i n t e r n a l  propor t ions  of siinars in the roo ts  of
pea and mnize r e l a t i v e  to the con t ro l  were when:
fglucose  so lu t io n  a t  2^C 
pea roots  were bathed by -I ^
I sucrose  so lu t ion  a t  6 C
r f r u c to s e ,  glucose or  sucrose so lu t ion  
maize roo t s  were bathed byxI at both 2 and 6 C
The changes in two f e a tu re s  of metabolism assoc ia t ed  w i th these
new sugar p ropor t ion s ,  were examined, 1) the  t o t a l  internal sugar
content and 2) the r e s p i r a t i o n  r a t e ,  along w ith the  consequences
for growth r a t e  of the  seedl ing  ro o t s .
Conclus ions
1. Peg ro o ts  nt 2^C
At 2^C, only a supply of glucose to pea roo ts  a l t e r e d  the 
propor t ions  of glucose and sucrose in the ro o t s .  The g lucose /  
sucrose ratio was in c reased .  An inc rease  in the growth rate and . 
the respiration r a t e  of the ro o ts  accompanied t h i s  inc rease  in t h e '  
g lucose /  sucrose r a t i o .
P rev ious ly  i t  has been shown th a t  the g lucose /sucrose  r a t i o  
in pea roots  was increased  as the temperature a t  which the  seedl ings
=1
r - ,
1 0 6 .
woro grow . • i . .rronsed (Chapter 3 ) .  Also c o r r e l a t i n g  with an
inc rease  in temperature  was a r i s e  in  growth r a t e  and r e s p i r a t i o n  
r a t e  of the roo ts  (Chapter 2 and 4 r e s p e c t i v e l y ) .
Thus whether temperature  or s u b s t r a te  feed ing inc reases  
the  g lucose /sucrose  r-LU), there  i s  a concomi tant i n c rea se  in 
the  growth r a t e  and the r e s p i r a t i o n  r a t e  of the r o o t s .  I t  is  con­
cluded t h a t  the g lucose /sucrose  r a t i o  i s  d i r e c t l y  in f luenc ing  
growth r a t e  and r e s p i r a t i o n  r a t e  of pea ro o ts .
Supplying sucrose or f ruc to se  so lu t ion  to the. ro o ts  did 
no t  a l t e r  the d.ucose/sucrose  r a t i o ,  and the e x te r n a l  supply of 
these  so lu t ion s  had no e f f e c t  on growth or r e s p i r a t i o n  r a t e  of 
the  ro o ts .
2. roo ts  a t  6. C^
At 6^C, feed ing only wi th sucrose so lu t ion  r e s u l t e d  in a 
s h i f t  in the g lucose /sucrose  r a t i o  in  pea ro o ts .  The ra t io '  was 
1ower than in the con t ro l  but the re  was not the expected c o r r e s ­
ponding decrease in growth r a t e .  Th is may bo because of the high, 
abso lu te  leve l s  of the sugars in the roo ts  under these  cond i t ions  
(Table 9),  or because a l a rg e r  change in the value of the  r a t i o  
i s  requ i red  before  any e f f e c t  on the growth r a t e  i s  observed a t  
6^C, t h i s  being a temperature well  above the minimum for growth 
of pea ro o t s .  Evidence support ing  t h i s  l a t t e r  p o s s i b i l i t y  i s  
furn ished by comparing the value fo r  the  g lucose /sucrose  r a t i o  
ob ta ined in Chapter 3, where the roo ts  were grown in wa ter  a t  6^C, 
wi th the  value obta ined fo r  the  water-grown con t ro l  in  the  present 
exper iment.  In Chapter 3 the \ • of the r a t i o  a t  6^0 was
determined as 0,96 (F ig .  13), whereas in the present exper iment the 
value was determined as 1,67 (Table 9 ) .
T ins v a r i a b i l i t y  between d i f f e r e n t  ba tches  of pea seedl ings
' t
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may a c c o u n t  Cor t h e  l o w e r  v  ■ o C  t h e  r a t i o ,  w i t h o u t  t h e  e x p e c t e d  
l o w e r  gro wth  r a t e ,  w h i c h  was r e c o r d e d  i n  t h e  s u c r o s e - g r o w n  r o o t s  
i n  t h e  p r e s e n t  e x p e r i m e n t .  R e s p i r a t i o n  r a t e  a t  6^C a l t e r e d  l i t t l e  
i n  t h e  p r e s e n c e  o f  any o f  t h e  s u g a r s  compared w i t h  t h e  c o n t r o l .
T h i s  may be an a d d i t i o n a l  f a c t o r  c o n t r i b u t i n g  t o  t h e  s i m i l a r  grow th  
r a t e s  o f  t h e  r o o t s  grown i n  any o f  t h e  s u g a r  s o l u t i o n s .
Thus  i n  pea a t  6^C t h e  s u p p l y  o f  s u g a r s  t o  t h e  r o o t s  ha s  
n o t  p r od uc ed a s u f f i c i e n t l y  l a r g e  s h i f t  i n  t h e  g l u c o s e / s u c r o s e  
r a t i o  t o  d e m o n s t r a t e  w h e t h e r  o r  n o t  g r o w t h  and r e s p i r a t i o n  r a t e  
a r e  d e p e n d e n t  on t h i s  r a t i o .
H owe ver ,  on t h e  b a s i s  o f  two l i n e s  o f  e v i d e n c e  i t  can be  »
c o n c l u d e d  t h a t  t h e  g l u c o s e / s u c r o s e  r a t i o  i n  t h e  r o o t s  o f  pea  
d e t e r m i n e  gr ow th  r a t e  and r e s p i r a t i o n  r a t e  o f  t h e  r o o t s .  T h e s e  two  
l i n e s  o f  e v i d e n c e  a r e ;
1 .  At 6^C t h e  g l u c o s e / s u c r o s e  r a t i o  i n  w a t e r - g r o w n  r o o t s  o f  pea i s  
h.igîser t h a n  t h e  r a t i o  f o r  r o o t s  grown a t  2^C, and l i k e w i s e  g r o w th  
and r e s p i r a t i o n  r a t e s  a r e  h i g h e r .  T i l l s  r e l a t i o n s h i p  o f  a h i g h e r  
g l u c o s e / s u c r o s e  r a t i o  c o r r e l a t i n g  wi t h  h i g h e r  grow th  and r e s p i r a t i o n  
r a t e s  c o n t i n u e s  f o r  h i g h e r  g r o w th  t e m p e r a t u r e s  ( F i g ,  13 compared  
w i t h  F i g s .  1 ,  2 and 1 4 ) .
2 .  In  r o o t s  grown a t  2^C t h e  g l u c o s e / s u c r o s e  r a t i o  i s  i n c r e a s e d  by À 
s u p p l y i n g  r o o t s  w i t h  g l u c o s e  s o l u t i o n  compared w i t h  t h e  v a l u e  o f  
t h e  r a t i o  f o r  w a t e r - g r o w n  r o o t s .  A ga in  grow th  r a t e  and r e s p i r a t i o n ,  
r a t e  a r e  h i g h e r  i n  t h e  g l u c o s e - g r o w n  r o o t s  compared w i t h  t h e  
I ' c i ter-grow n.  c o n t r o l . ( S u p p l y i n g  s u c r o s e  or  f r u c t o s e  s o l u t i o n  d o e s  
n o t  " I t e r  t h e  r a t i o  from t h e  c o n t r o l  v a l u e  and n e i t h e r  do t h e  two  
s u g a r s  a l t e r  growtl i  nr  r e s p i r a t i o n  r a t e s  o f  t h e  r o o t s . )
3. maize roo ts  a t
T he t o t a l  s u n a r  c o n t e n t  i n  t h e  r o o t s  o f  m n i z e ,  p i n i n t a i n e d
____ i
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a t  2^C and suppl ied  wi th d i s t i l l e d  wa te r ,  dec l i n e s  over 120 hr to  a 
lev e l  50/0 of the i n i t i a l  l ev e l  (Chapter 3 ) ,  Sugar metabolism of 
t h i s  spec ies  i s  c l e a r l y  d is ru p ted  by the low temperature  t rea tm en t ,
A very important e f f e c t  of  supplying glucose o r  sucrose to 
the  roo ts  was t h a t  t o t a l  sugar con ten t  a t  2®C was ma in ta ined a t  the 
i n i t i a l  l e v e l .  The breakdown in  supply of  sugars to  the  roo t  t i p  of 
maize a t  2% i s  thus  remedied almost e n t i r e l y  by the  e x t e r n a l  supply 
of glucose  or  sucrose to  the  r o o t s .  (F ructose  however d id  not  prevent > 
the d ec l ine  in  sugar content but  behaved s im i l a r ly  to  the  c o n t r o l , )  - %
At 2^0 a l l  th re e  sugars ,  when suppl ied to  the  ro o ts  of 
maize seed l ing s ,  led to  a s i g n i f i c a n t  decrease  in  the  g lucose /  
sucrose r a t i o ,  and the  values  reached were the lowest recorded 
fo r  maize.  By comparison wi th pea t h i s  i s  to  be expected a t  2 % ,  -
the  lowest exper imental  temperature  used.  P rev iou s ly ,  w i th the  
ro o ts  bathed only in  wa te r ,  6% was the  temperature  a t  which maize i
showed the  minimal g lucose /sucrose  r a t i o ,  F ig ,  13,
However, the  only sugar suppl ied  e x t e r n a l l y  to  the  roo t  a t  
2®C which s i g n i f i c a n t l y  a f f e c t s  roo t  growth i s  g lucose .  The
f
growth made over 120 hr i s  s i g n i f i c a n t l y  g r e a t e r  than i n  the 
water-grown c o n t r o l .  Along with t h i s  s t im ula t ion  of growth the re  
i s  a s t im ula t ion  of r e s p i r a t i o n  r a t e .
The r e l a t i o n s h i p  between growth and each, o f  the  f a c t o r s ,  
r e s p i r a t i o n  r a t e ,  g lucose /sucrose  r a t i o  and t o t a l  i n t e r n a l  sugar 
content  of  the ro o t ,  fo r  .pach of  the  sugars ( f r u c t o s e ,  glucose 
and sucrose ) ,  suppl ied e x t e r n a l l y  to  the  ro o t ,  i s  shown in  F ig .  26.
The shaded areas  of  the  graphs are  those where response of each of 
the  f a c to r s  i s  l e s s  than 20^ d i f f e r e n t  from the  con t ro l  va lue .  I t  
can immediately be seen t h a t  only glucose  suppl ied t o  the  ro o ts  i s  
e f f e c t i v e  in  s u b s t a n t i a l l y  a f f e c t i n g  r e s p i r a t i o n  r a t e ,  g lucose /sucrose
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F ig ,  26. R e la t ion sh ip  between amount of growth mode by roo ts  of mnize 
seedl ings  bathed by d i s t i l l e d  water ( © ), fructose  ( A  ), glucose
( V ) ,  or sucrose ( 8  ) so lu t ion  (0,05 m5 and (a) t o t a l  sugar
con ten t ,  (b) g lucose /sucrose  r a t i o ,  (c) r e s p i r a t i o n  r a t e ,  a f t e r  120 hrs, 
at  either 2 or 6 C. Seedl ings  i n i t i a l l y  germinated 120 hr at 20Y .
(The a reas  shaded inc lude  values  l e s s  than 20% d i f f e r e n t  from the 
d i s t i l l e d  wa ter  c o n t r o l ) .
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r a t i o  and the, t o t a l  sugar con ten t ,  and only t h i s  sugar i s  e f f e c t i v e  
in  promoting the amount of growth made over 120 hr  a t  2^C,
The o the r  two sugars suppl ied to  the roo ts  d i d ,n o t  inc rease  
growth. Fructose  suppl ied e x t e r n a l l y  f a i l e d  to s t im ula te  growth 
because the i n t e r n a l  sugar content  was not ma in ta ined a t  an 
adeguate leve l  and sucrose f a i l e d  to s t im ula te  growth because 
r e s p i r a t i o n  r a t e  was not ma in ta ined a t  an adequate l e v e l .
4. Maize roo t s  a t  6^C
At 6^C, ro o ts  bathed by any of the sugar s o lu t io n s  gave 
values  fo r  . the g lucose /sucrose  r a t i o s  in the roo t  t i p  h igher than 
the  c o n t ro l .
With glucose and sucrose so lu t ion s  the re  was some increase  
i n  growth made over the  120 hr per iod ,  r e s p ec t i v e ly  11 and 9% 
above the  con t ro l  (but w ith the number of roo ts  measured these  
inc reases  were not s i g n i f i c a n t l y  d i f f e r e n t  from the water-grown 
con t ro l  and so the re  i s  ROme doubt as to whether or not they 
i n d ic a t e  ac tua l  s t im ula t ion  of grow th).  lloi,,ever, in add i t ion  to 
the  increase  in growth, glucose and sucrose so lu t ion  were e f f e c t i v e  
in prevent ing the  dec l ine  in  growth r a t e  seen in the  water-grown 
con t ro l  roo ts  over the  120 hr period n t  6^C, Furthermore 
supply ing the  ro o ts  w ith glucose or sucrose so lu t ion  r a i s e d  the 
r e s p i r a t i o n  r a t e  of the  roo ts  by 40 and 26% re s p e c t i v e ly .  ((Vith 
f ruc to se  so lu t ion  ba th ing the  roo ts  there  was no e f f e c t  on growth 
r a t e .  However t h i s  sugar d id not a l t e r  r e s p i r a t i o n  r a t e  of the 
ro o t s ,  r e l a t i v e  to the con t ro l  and t h i s  i s  cons idered to be the 
reason th a t  growth r a t e  in the fructose-grown roo ts  was the same as 
in the  c o n t r o l . )
At 6^C, in c o n t r a s t  to ?”c , growth r a t e  i s  s t imula ted by 
n r i s e  in the g lucose /sucrose  r a t i o  because t h i s  temperature  ( 6 ^ 0
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i s  in the r n n n e  where the g lucose /sucrose  r a t i o  i s  d i r e c t l y  r e l a t e d
to growth r a t e .  I t  i s  a t  the extreme lower end of the range of
temperatures where t h i s  r e l a t i o n s h i p  i s  observed, Whether a h igher ’■ 
growth temperature or feed ing" wi th sugar so lu t ion  r a i s e s  the 
g lucose /sucrose  r a t i o  in  the ro o ts  growth r a t e  o f  the  ro o ts  inc reases   ^
(p rov id ing ,  in the case of " feed ing" ,  t h a t  the sugar suppl ied a lso  
i nc reases  the r e s p i r a t i o n  r a t e ) ,
Water-grown roo ts  a t  2^C l i e  ou t s ide  the range of t h i s  
r e l a t i o n s h i p .  The d i s r u p t i v e  e f f e c t  o f  the low temperature  on the 
t o t a l  sugar content  of the ro o ts  i s  assoc i a ted  w i th a g lucgse /  
sucrose r a t i o  in the  roo ts  h igher than a t  6^C. To a d ju s t  the r a t i o
a t  2^C to be in accordance wi th the t rend  observed a t  34, 10 and 6^C
a lowering of  the  g lucose /sucrose  r a t i o  a t  2^C i s  r e q u i r e d .  I t  i s  
fo r  t h i s  reason th a t  the growth of  maize roo t s  i s  p o t e n t i a l l y  
s t im ula ted ,  a t  2^C, by a lowering of the g lucose /sucrose  r a t i o ,  and, 
a t  6^C, by an inc rease  in  the  g lucose /sucrose  r a t i o .
Thus i t  i s  concluded, in maize ro o t s ,  as in pea ro o t s ,  the 
g lucose /sucrose  r a t i o  i s  i n t im a te ly  assoc ia ted  wi th growth and 
r e s p i r a t i o n  r a t e s .  However, u;hen sugar so lu t ion s  are suppl ied  to 
maize ro o t s ,  a demonstrat ion t h a t  the s h i f t  in the g lucose /sucrose  
r a t i o  a t  2 or i s  a ssoc i a ted  wi th a change in  growth r a t e ,  i s  
sub jec t  to the cond i t ion  t h a t  the ex te rn a l  sugar supply a lso  c o r r e c t s  
o the r  f e a tu re s  of roo t  metabolism, d is tu rbed  by these  low tempera­
t u r e s .  These d is tu rbances  a re ,  a t  2^0, a very low r e s p i r a t i o n  r a t e  
and a cont inuous ly  dec l i n ing  sugar content in the r o o t s ,  and at  6^C, 
an inadequa te r a t e  of r e s p i r a t i o n  ( the sugar content i s  ma intained 
in the water-grown control  a t  6 ^ 0 .
With these  f ind ings  tlie r e s u l t s  obta ined in Chapters  2 and 
4 can be reviewed .  The c o r r e l a t i o n  of both growth r a t e  and the
.
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The remaining ques t ion  from C’nnpter  4 was an enqu iry as to, 
how d i f f e r e n t  temperatures  ore re spons ib le  fo r  the es tab l ishment  
of d i f f e r e n t  propor t ions  of glucose and sucrose in the ro o t .  Tn pen 
roo ts  the system respond ing to temperature  and lend ing to  the 
es tab l ishment  of s p e c i f i c  g lucose /sucrose  r a t i o s  a t  s p e c i f i c
1
g lucose /sucrose  r a t i o  with tempera ture ,  observed over the Wider 
range of temperatures  s tud ied  in  Chapter  3, i s  now seen., to  be due 
to  the dependence of growth r a t e  on the g lucose /sucrose  r a t i o .  The , ^
ra t e  of r e s p i r a t i o n  i s  a lso  dependent on the g lucpse /sucrose  r a t i o  
to  the ex ten t  t h a t  where changes in t h i s  r a t i o  are a sso c i a t ed  with -,
a change in growth r a t e ,  then th e re  i s  a concomi tant change in the 
r e s p i r a t i o n  r a t e .  '
Thus, of the two problems r a i s ed  a t  the end of Chapter 4 
concern ing sugar metabolism, one has been answered above, th a t  
which, asked whether or not growth r a t e  c o r re la ted  with temperature 
independently  of the g lucose /sucrose  r a t i o .  Growth r a t e  and tlie 
g lucose /sucrose  r a t i o  have been shown to  be i n t im ate ly  r e l a t e d .  The 
r e s u l t s  of the  exper iment in  the present  chapter lead to  the 
conclus ion t h a t  the e x ten t  of the a d a p t a b i l i t y  of the  g lucose /sucrose  ' 
r a t i o  in roo t s  of both spec ies  subjected to low temperatures  
s t rong ly  in f luences  the minimum temperature  a t  which the ro o ts  are 
able to ma in ta in growth... In pea r o o t s ,  bathed in d i s t i l l e d  wa ter ,  
the r a t i o  dec l ines  with temperature  down to 2^C and growth r a t e  of
the roots  s im i l a r l y  dec l ines  „but i s  ma in ta ined a t  a cons tan t  r a t e
even a t  t h i s  tempera ture .  In maize ro o t s ,  l ikewise provided only 1
with d i s t i l l e d  wa ter ,  the  g lucose /sucrose  r a t i o  dec l in e s  with 
temperature  down to 6^C and t h i s  temperature  is  j u s t  below th a t  a t
which a cons tan t  growth r a t e  i s  achieved (growth ro te  a t  ( A .'h
decreases  over the 120 hr per iod of measurement). -,
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temperatures  c l e a r l y  opera tes  e f f i c i e n t l y  a t  temperatures  lower
than, the correspond ing system in  maize ro o t s .
A f u r t h e r  problem suggested from the r e s u l t s  of Chapter 4,
and confirmed by the r e s u l t s  of  the exper iment in the present
chap te r ,  concerns r e s p i r a t i o n  r a t e  of maize roo t s  a t  2^C, In •
oChapter 4 the r e s p i r a t i o n  r a t e  of  maize roo t s  a t  2 C was only
of the r a t e  in pea r o o t s .  I t  was suggested t h i s  low r a t e  was .ï
inadequa te  to support growth. In the present chap te r  i t  has 4)een
found t h a t  growth of maize roo t s  a t  2^C was s t imula ted  by e x te rn a l  |
sugar suppl ies  only when r e s p i r a t i o n  r a t e  a lso  inc reased ( in  add i -
t i o n  to when the i n t e r n a l  sugar con ten t  of the roo t  was maintained
a t  an adequate l e v e l ) .  The conclus ion i s  drawn t h a t  a t  2^0
r e s p i r a t i o n  r a t e  of roo t s  of maize seedl ings  suppl ied only with
water  i s  inadequa te to support growth.
Thus two metabol ic  systems which show marked d i f f e r en ce
between pen and maize roo t s  a t  low temperatures  are tliose involved
with r e s p i r a t i o n  r a t e  and with sugar metabolism, the g lucose /
sucrose r a t i o .  D iffe rences  in  growth r a t e  between the two spec ies'
a t  low temperatures  have been shown to  be in t im a te ly  assoc ia ted  
with the d i f f e r en c e s  in these  metabolic  systems. U l t im a te ly ,  ■ 
d i f f e r e n c e s  in  metabolism must be based on d i f f e r en c e s  in enzyme 
• c h a r a c t e r i s t i c s  in  the  two sp ec i e s .  The following exper iments 
desc r ibe  examinations of two enzymes from the  roo t s  of pea and 
maize involved re s p e c t i v e ly  with r e s p i r a t i o n  and with sugar 
metabolism. The enzymes in v e s t ig a te d  are  malate dehydrogenase and • 
in v e r t a s e .  The Michael is  cons tan ts  and a c t i v i t i e s  are examined 
for  these  enzymes ex t r a c t e d  from roo t s  prev ious ly  sub jec ted  to 
var ious  temperatures regimes to determine i f  d i f f e r e n c e s  in t h e i r
.4
■4
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k in e t i c  p ro p e r t i e s  could be re spons ib le  for the d i f f e r e n c e s  between 
the two spec ies  ivith re spec t  to observed r e s p i r a t i o n  r a t e s  and to 
sugar propor t ions .
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CHAPTGR 6
RROPRRTIBS OF MALAT& DEHYnSOGGNASB GXTRACTGn FROM TIIR 
ROOT TIPS OF PGA AMD MAIZB SEEDLINGS
In t roduc t i on
I t  lias been shown th a t  the r e s p i r a t i o n  r a t e ,  measured as oxygen 
uptake (ul/mg DW/hr), oC root t ip ?  of pea seedl ings  i s  twice the c o r r e s ­
ponding r a t e  fo r  roo t t i p s  of  maize seed l ings ,  when determined ot 2^C
(see Chapter 4 ) .  The i n a b i l i t y  of the maize roo t  to mainta in  growth
a t  2^C i s  considered to  be p a r t i a l l y  due to t h i s  low r e s p i r a t i o n  r a t e .
Thus where growth i s  inc reased nt  by e x t e r n a l l y  supply ing glucose  to  
the  n-nze roo t s  then r e s p i r a t i o n  r a t e  i s  markedly increased  (growth 
made by roo t s  over 120 iir was inc reased  4 '^/., in the presence of  glucose 
s o lu t io n  and then r e s p i r a t i o n  r a t e  was g r e a t e r  than in the wa te r -  
grown c o n t ro l s ,  Table Id ) ,  Conversely,  the a b i l i t y  of the pen roo t  to 
ma in ta in  g row th .n t  a constant  ro t e  a t  2 (" i s  considered to be due to  the 
r e l a t i v e l y  high r e s p i r a t i o n  r a t e  af  the root  a t  t h i s  temperature .  
Furthermore,  fo r  a given r i s e  in temperature the response of growth 
r a t e  c lo se ly  p a r a l l e l s  the response of r e s p i r a t i o n  r a t e  (F ig .  1 A).
This  c o r r e l a t i o n  of growth r a t e  an^ r e s p i r a t i o n  r a t e  in pea roo ts  i s  a lso  
seen at. any one temperature ( e . g . :  2^C), where supplying glucose  to  the 
r e n t s  inc reases  the r a t e  of both processes .  Table 11..
At n;nrmer t em pe ra tu res , 10 end Id^C, both pen end maize roo t s  
d isplny  apprec iable  r e s p i r a t i o n  r a t e s  (measured as oxygen uptake) and
holdi spec ies  maintain constant  gro^'th r a t e s  a t  these  tempera tures .  I t
* 0 *IS only low tempera tures ,  in the reg ion  of 2 C, which aCTect the r e s p i r a ­
to ry  processes of pea and maizc roo t s  to  d i f f e r i n g  ex t en t s  (see Chapter 
A) ,  Of c e n t r a l  importance for the  funct ion ing  of the  r e s p i r a t o r y  processes
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a sso c ia ted  wit!i oxygen uptake i s  t!ie opera t ion  of the Kreb’ s 'cycle.  Tills 
rynle  involves severa l  enzymic trrmsformat Ions of orgonic acids  with the 
' of e f f e c t  of ox id is ing  pyruvate to carbon d ioxide and wa te r .  The 
temperature c h a r a c t e r i s t i c s  of enzymes in  t! i is  cycle w i l l  have a major 
in fluence  on the overa l l  temperature  c h a r a c t e r i s t i c s  of the r e s p i r a to r y  |
p ro c e s s . For example, i f  the enzymes a re  inac t iva t ed  by low temperature 
then the opera t ion  of the  K reb 's  cycle  w i l l  cease and r e s p i r a t i o n  (oxygen 
uptake) w i l l  no longer occur .  Since oxygen uptake i s  d i re c t ly ,d e p en d e n t  
on the  a c t i v i t y  of the  dehydrogenase enzymes of the  K reb 's  cycle ( in  
conjunc t ion with the  enzymes of the  e l e c t ro n  t r an sp o r t  cha in ,  loca ted in 
the  mitochondria with the  K reb 's  cycle enzymes), the temperature 
c h a r a c t e r i s t i c s  of one of the  dehydrogenases of the cycle was studied to  
d iscover  i f  d i f f e r en c e s  in  the p ro p e r t i e s  of the Krebhs cycle dehydrogenase 
enzymes from the two spec ies  may be a ssoc ia ted  with the d i f f e r e n c e s  in 
r e s p i r a t i o n  r a t e  of pea and maize ro o t s  a t  . *
f'.lalate dehydrogenase (NOT) was chosen since t h i s  enzyme has
prev ious ly  been found to  have markedly d i f f e r e n t  p r o p e r t i e s  in organisms 
able to grow n t  very d i f f e r e n t  t empera tu res .  Burton and Morita  (1965) 
have demonstrated t h a t  MD1Î from the micro-organism Vib rio  marxnus (a, cold 
t o l e r a n t  marine bacterium) has an a c t i v a t i o n  energy only h a l f  t h a t  of a 
me sophi l i e  s t r a i n  of E. c o l i .
A study of the  M ichaelis cons tan t  (Km) and a c t i v i t y  (TU/mg pro te in )  
of the enzyme was undertaken fo r  MO;î ex t r a c t e d  from ro o t s  of pea and maize 
seed lings  grown a t  20, 14 or  2°^ .  Km and s p e c i f ic  a c t i v i t y  were d e t e r -  K
mined nt two tem peratures , 2 and Id^C, These enzyme c h a r a c t e r i s t i c s  y
were measured s ince toge the r  they desc r ibe  tho r a t e  of r e a c t i o n  under n - ,
range of su b s t r a t e  co ncen t ra t ions ;  Km i s  a measure of the su b s t r a t e  
co n cen tra t io n  giving h a l f  maximal r a t e  of re a c t io n ,  and the sp e c i f ic  
a c t i v i t y  i s  r i i r ec t ly  p ro p o r t iona l to  the  m a x i m a l  r a t e  of r e a c t i o n  w h e n
1 1 7 .
measured n t  zero o rder k i n e t i c s .  The r e s u l t s  of t h i s  study benr on th ree  
înport ' in t  ques tions  concerning the  Km and a c t i v i t y  of fiPH, and 'oy 
d i f f e r en c e  in these  c h a r a c t e r i s t i c s  as between pea'and maize may provide 
nn explana t ion  for  the  observed d i f f e r e n c e s  in r a t e  of oxygen uptake between 
the two spec ies a t  2^C. The t)\ree ques tions  are:
1. What d i f f e r en c e s  e x i s t  both in the Km and in the s p e c i f i c ' a c t i v i t y  
of Old ex t rac t ed  from pea and maize roo t s?
?.. Within each spec i e s ,  are the  values  of Km the same a t  the two ,
tempera tures ,  ? and Id^C? (The Kni of an enzyme may vary wi th tem perature  
i f ,  fo r  example, d i f f e r e n t  temperatures  induce the formation o f , d i f f e r e n t  
phys ica l  bonds between and w ith in  the  polypeptide  chains c o m p o s i n g  the, 
enzyme molecule .  I f  such conform ational changes involve a change in  t'^e 
a c t iv e  s i t e  of the enzyme then t h i s  could be recorded as a change In 
the  a f f i n i t y  of the enzyme fo r  the  s u b s t r a t e ,  i . e . :  as a change in Km),
3. the k in e t ic  p ro p e r t i e s  of the enzyme (Km and s p e c i f i c  a c t i v i t y )  
a l t e r  following exposure of the ro o ts  to d i f f e r e n t  temperatures  regimes?
(T'o;s d i f f e r e n t  spec ies  of an enzyme may be syn thesised  a t  d i f f e r e n t  
tem peratures such th a t  a t  any one temperature  the spec ies  of enzyme 
syn thes ised  d isp lays  a g r e a t e r  r a t e  of re a c t io n  than any o the r  spec ies  
of the enzyme ac t iv e  a t  th a t  tem perature . A lte rn a t iv e ly ,  a range of 
spec ie? of nu enzyme may bo syn thesised  in the roo t  i r r e s p e c t i v e  the  
growth tem perature but tliere i s  then s e le c t iv e  e l im in a t io n  of those 
spec ies  l e a s t  sui ted  to  tlie p a r t i c u l a r  tem perature to  iviiich the  roo t  , 
i s  s u b j e c t e d ,)
In summary, the aim of the exper iment desc ribed  below was to 
examine the k in e t ic  p ro p e r t ie s  of KDM, e x t r a c t e d  from the ro o ts  of poo 
ni>d mnlze, to determine whether d i f fe re n c e s  in those p ro p e r t ie s  between 
the two spec ies  e x i s t e d ,  and could be r e l a t e d  to  t he d i f f e r e n c e s . in 
oxygen uptake recorded fo r  the  two spec ies  nt in o u b o t ing the
\
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seedlings  nt tî îree temperatures ,  2, 14 and 20^C end examining the Km and 
s p e c i f ic  a c t i v i t y  of the  enzyme at  two tem pera tures , 2 and 14^C, i t  was 
po ss ib le  both to  determine how the  enzyme behaves a t  a low tem perature, 
2^r ,  compared wi th a moderate tem pera tu re , 14^C, and to  determ ine i f  the 
temperature a t  which the  roo t s  are incuba ted a f f e c t s  the p ro p e r t i e s  o f ’ 
the  MDII synthes ised  in  the ro o t s .
Me t h od
Seeds of pea ' and maize were germinated and s e lec ted  fo r  t ’le cold 
incuba to rs  as desc ribed on p. 16, At the end of the r e sp ec t i v e  germination 
per iods  fo r  pea and maize and a lso  a f t e r  seedlings  were grown in the 
cold incuba to rs  a t  2 and 14^C fo r  120 h r ,  MDH was e x t ra c te d  from the d i s t a l  _ ■
1 cm segment of the ro o t s ,  p a r t i a l l y  p u r i f i e d ,  and the  Km and sp e c i f i c  
a c t i v i t y  determined by the procedure descr ibed in Appendix 3 .  The 
condi t ions  of growth in  the incuba to rs  were as desc ribed o’n p. 16.
Batches of ro o ts  of both spec ies  were a l so  grown a t  20^C fo r  120 hr 
fo llowing the germination per iod and the  enzyme e x t ra c te d ,  p a r t i a l l y
■ta
p u r i f i e d  r>nd assayed as above. All enzyme assays were performed a t  two 
temperatures ,  2 and 14^C. D uplica te  exper iments were performed in some 
cases , and in those cases the two values  fo r  Km and fo r  sp e c i f ic  a c t i v i t y  
are  presented in the r e s u l t s .
Kesul t  s pud di s eu s si 0)1
m'jchne 1.i s  cons tant_
All values  fo r  the Km of MDII in the  two spec ies  are  recorded in 
Table 16.
The r e s u l t s  a t  the end of the  germination period are considered,  A
'''  n„i. ■-____  ' ' ' - ' ‘ ' " ' - . ; t : ' - ' \ If ■')..% %
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Table 16. Km of MDH e x t ra c te d  from the  d i s t a l  1 cm of the  ro o ts  o f  
pea and maize grown under four tem perature  reg imes. Km was determined 
a t  two tem peratures . 2 and 14^C. u n i t s  o f  Km. x 10~4 M.
C onditions of grow th. Km ( x  10"^M) de termined a t :
2°C 14*C
Germination fo r  72 h r  a t  20% Pea
ONLY 1.60 + 0.33 0.93 "t 0.05
, 1.59 t 0.33 1.04 0 .17
plus 120 hr a t 20^0 0 .77 + 0.09 0 ,8 0 ± 0.07
0 .99 ± 0.19 —
plus 120 hr a t 14% 0.88 t 0 .19 1.24 -f. 0 .27
0 .73 t 0.07 1.59 0.17
plus 120 hr a t 2% 0.97 t 0 .30 1.52 0.11
0 .82 t 0.08 -
Gernii na tion f o r  120 h r a t
20% Maize •
ONLY 0 .94 ± 0 .10 0.94 t 0.16
0.80 t 0.03 1.13 + 0.10
plus 120 hr a t 20% 0,55 ■h 0,10 0.44 t 0.05
p lus 120 hr a t 14% 1.27 t 0.13 1.15 ± 0.15
- 0 ,99 -f 0.12
plus 120 hr a t 2% 0.97 + 0.11 0.92 t 0.08
- 0 .99 i 0.09
120.
Cirs f ,  since t h i s  i s  the  n a tu ra l  s t a r t i n g  po in t  from which to observe 
any et'ongos in Km following f u r t h e r  incuba t ion  of tîie ro o t s  nt  the 
d i f f e r e n t  temperature reg imes. At the end of the germ ination period 
the roo t s  of both spec ies  have exper ienced only 20*^0. The Km i s  d e t e r ­
mined a t 2 and 14%, The r e s u l t s  for  maize in d ic a te  t h a t  the enzyme hoc 
the  same a f f i n i t y  fo r  i t s  su b s t r a t e  a t  both these  tempera tures  -  th.e Km 
i s  the  same a t  2 as nt  14%, In pen however, wliile the value of Km 
(letermined nt 14 .is s im i la r  to  t h a t  in maize, the Km determined a t  2% ,
has a conside rab ly  h igher  value (approx. 60)K h i g h e r ) , i u d ic n t i  ng the 
enzyme has a lower a f f i n i t y  fo r  i t s  s u b s t r a t e  a t  t h i s  temperature .
Following growth fo r  a f u r t h e r  120 lir o t 20%, then, in pea , 
seed l ing s ,  the Km determined a t  2% i s  s im ila r  to  th a t  determined a t  14% 
and !)oth values are c lo se  to t h a t  prev ious ly  determined a t  14% ( a t  the  
end of the gormination p e r i o d ) ,  Tn maize seedlings  however, the  Km s'lows 
a marked lowering in value whetiier determined nt 2 or 14% .
Thus tn young .seedlings of both pen and mnizo, germinated and 
grown nt  2(1 ,^ MDH in the roo t s  possesses  d i f f e r e n t  p ro p e r t ie s  iu seed lings  
of d i f f e r e n t  ages.  In pen, the  enzyme i n i t i a l l y  has n r e l a t i v e l y  low 
a f f i n i t y  fo r  i t s  s u b s t r a te  a t  2 0 ( a f t e r  72 hr,  Km=1.6 x 10 '^m), but  
a f t e r  1 op hr the a f f i n i t y  i s  egu.nl to tha t  a t  ld%  (Km i s  approx imately
0 .0  X 10 !!). In maize the value of Km, while being s im ila r  when d e t e r -  
mined a t  2 or 14%, d ec l ines  markedly In ro o ts  of o lde r  seed l in g s .  The
-4value nt. 240 hr  i s  approx imately 0.5  x 10 M, while a f t e r  only 120 hr 
i t  i s  0.94 X 10 ^ '
. 0t u res  of 14 or 2 C the changes seen in Kri are d i f f e r e n t ,  in c e r t a in
When the seedl ings  of both spec ies  are kept a t  the lower tem p era - *|
in s ta n c e s ,  from tliose reported  above fo r  growth at 2(1 C. Tn pen, 
mniutalued a t  e i t h e r  2 or 14%, the Km, determined a t 2 % , i s  lower than :%
a t the end of the germinat ion per iod ,  j u s t  as was r'*‘‘corded following
\ 'H 
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c o n t î u n o d  growth n t  2 0 % ,  Out  Km d e t e r m i n e d  nt  1 4 %  i s  h i g h e r  e i t h e r
*Tlian nt  t h e  end o f  t h e  g e r m i n a t i o n  p e r i o d  o r  th a n  a f t e r  continued gr o w th  g
n t  2 0 % .  T h a t  i s ,  i n  pea, MOO h as  a Km a p p r o x im a t e I 'y  0 . 8  x  10 when  
d e t e r m i n e d  a t  2 %  i n  s e e d l i n g s  aged 192 hr ( t h e  germ ina tion p e r i o d  o f  72  
lir p l u s  120 hr  i p  t h e  i n c u b a t o r s ) ,  i r r e s p e c t i v e  o f  t h e  g r o w t h  tem perature 
t o  wh ich  t h e  s e e d l i n g  r o o t s  a r e  s u b j e c t e d .  When d e t e r m i n e d  a t  1 4 %  Km 
i s  r e l a t i v e l y  h i g h ,  a p p r o x i m a t e l y  1 . 4  x  10 f o l l o w i n g  g r o w t h  o f  t h e  |
s e e d l i n g s  a t  a l l  b u t  t h e  w arm est  t e m p e r a t u r e  ( 2 0 % ) ,
In  summary, MOIÎ of pea ro o ts  g e n e r a l l y  has  a g r e a t e r  a f f i n i t y  
f o r  i t s  s u b s t r a t e  a t  2% compared w i t h  14^ i r r e s p e c t i v e  o f  th.e tem perature  
a t  which t h e  r o o t s  a r e  grown ( o n l y  v e r y  youn g r o o t s  and t h o s e  grown a t  
t h e  warmes t  t e m p e r a t u r e ,  2 0 % ,  a l s o  d i s p l a y  a r e l a t i v e l y  h i g h e r  a f f i n i t y  
f o r  t h e  s u b s t r a t e  a t  1 4 % ) .  Unde r  c o n d i t i o n s  whe re  s u b s t r a t e  c o n c e n t r a t i o n  
i s  n o t  e x c e s s i v e  ( i . e . :  e i t h e r  whe re  i t  i s  in t h e  r a n g e  o f ,  or b e l o w , ,  t h e  
Km co n ce n tra t io n ) ,  t h e  e f f e c t  o f  t h e  l o w  tem pera tu re , 2 % ,  on s l o w i n g  
down r a te  of r e a c t io n ,  c a t a l y s e d  by  MOII m u s t ,  t o  some e x t e n t ,  be o f f s e t  
by t!:o g r e a t e r  s e n s i t i v i t y  o f  t h e  enzyme to  i t s  s u b s t r a t e  a t  t h e  lo w  
tem perature, 2 % ,  compared w i t l i  1 4 % .  T l i i s  f a c t  may p r o v i d e  nr- exp lana t ion  
o f  the a b i l i t y  o f  t h e  pen r o o t s  t o  r e s p i r e  a t  a r e l a t i v e l y  h.igh r a t e  at 
low  t e m p e r a t u r e s .
The r e s u l t s  f o r  m a i z e  f o l l o w i n g  i n c u b a t i o n  oC t h e  s e e d l i n g s  f o r  
12t* !ir a t  14 o r  2 %  c o n t r a s t s  w i t h  t h o s e  f o r  p e a ,  T^p v a l u e  o f  Km o t  2 
'wid 1 4 %  ard  s i m i l a r  t o  t h o s e  recor<l ed  n t  t h e  end o f  t h e  g e r m i n a t i o n  
p e r i o d .  The  marked l o w e r i n g  i n  Km, s e e n  f o l l o w i n g  c o n t i n u e d  gr^wt!: o f  
t ’-o r o o t s  at  2 0 % ,  i s  n o t  o b s e r v e d ,  d e s p i t e  t h e  f a c t  t h a t  a lo ' - e r  Km 
v a l u e  at  t l \ f )  lo\'?er g r o w t h  t e m p e r a t u r e  wo uld  be  most  b e n e f i c i a l  for  t'*e 
a b i l i t y  o f  t h e  r o o t s  t o  m a i n t a i n  n r e l a t i v e l y  a c t i v e  no1.abodJ.sn a t  t h e  
lower gr o w th  t e m p e r a t u r e s  o f  2 and 1 4 % .  T h i s  f a i l u r e  i n  modifying t h e  I
' % n 'uai zo r o o t s  grown a t  14 and 2 "U may bo a f a c t o r  i n v o l v e d  i n  t ^ e  1 ow
■■hi K
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r e s p i r a t i o n  r a t e  a t  th e se  tem pera tu res .
The abso lu te  values of Km determ ined a t '  2% in  maize a re  very
s im i la r  to  the values o f  Km determined in  pea. Th is does not n e c e s sa r i ly
imply s im ila r  k in e t i c  behaviour fo r  the  enzyme in  vivo between the two
sp e c ie s .  Of much g r e a t e r  s ig n if ic a n c e  i s  the s h i f t ,  seen in  o ld e r
compared w ith younger pea r o o t s ,  o f  Km value determ ined a t  2 % . (MDH from
0 *ro o ts  of e ig h t  day old seed lin g s  has a lower Km determined a t  2 C than 
MDH from 3 day old s e e d l in g s . )  This lowering of Km may a llow  pea ro o ts  
to  m a in ta in  a r e l a t i v e l y  high m etabolic  r a t e  ( r a t e  of oxygen uptake and 
the cap ac i ty  to  continue grow th), a t  low tem pera tures . In  maize t h i s  
a d a p ta b i l i t y  in  Km i s  seen only a t  the  growth tem peratures o f  20% , and 
not a t  14 or 2% , and t h i s  spec ies  shows a very low r a t e  o f  oxygen uptake 
and i s ’ not able to  m ain ta in  growth a t  low tem pera tures .
A c t iv i ty  of MDH
The second f a c to r ,  measured in  the  exper im ent, which may a f f e c t  
r a t e  of re a c t io n  ( p r in c ip a l ly  under cond i t ions  where the  s u b s t r a te  
co n cen tra t io n  i s  much g r e a t e r  than the  Km) i s  s p e c i f ic  a c t i v i t y  of the 
enzyme (lO/mg p r o te in ) .  Table 17. These values a re  d i r e c t l y  re la t e d  to  Kj
the maximum r a t e  b f  r e a c t io n  p o ss ib le  when the  enzyme i s  s a tu ra te d  by 
the  s u b s t r a t e .
In pea the  s p e c i f i c  a c t i v i t y  a t  the  end of the  germ ination per io d ,
(72 h r ) ,  i s  h ighe r  than a f t e r  any of the  subsequen t 120 h r  growth per iods  
a t  20, 14 o r 2 % .  The values o f  a c t i v i t y  determined a t  both 2 and 14% 
a f t e r  these  growth per iods  a re  very s im i la r  between the  tem perature  
t re a tm e n ts ,  and thus growth tem perature  appears to  have no e f f e c t  on 
s p e c i f i c  a c t i v i t y  o f  the  MDH.
In maize th e re  i s  an Inc rease  in  enzyme s p e c i f i c  a c t i v i t y  with
time a t  the warmest tem pera ture , 20% . The values f o r  s p e c i f i c  a c t i v i t y  
determined a t  both 2 and 14% a re  h igher a f t e r  240 h r a t  20% than a f t e r
A
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Table  17. A c t iv i ty  o f  MDH e x t ra c te d  from the d i s t a l  1 cm of the  ro o ts  
o f  pea and maize grown under four tem perature  reg imes. A c t iv i ty
Or>determined a t  two tem pera tu res .  2 and 14 C.
Cond itions o f growth A c t iv i ty  (lU/mg p ro te in )  de termined a t :
2% 14%
010 ( f o r  
tem p ..range  
2-14"c)
Germ ina tion fo r  72 hr a t  20% pea «
ONLY 4.98 ' 7 .49  ' 1.4
plus 120 hr a t  20% 2.42 6 .39 1 .9
plus 120 hr a t  14% 2.00 5,11 2 .2  '
p lus 120 hr a t  2% 2.43 6.82 2 .0
Germ ina tion fo r  120 h r  a t  20% Maize ,
ONLY 2 .45 7.04 2.4
plus  120 hr a t  20% 3.41 11.41 2 .7
plus 12 0 h r  a t  1 4 % 2,56 7.45 2 ,5  .
p lus 120 hr a t  2% 2.57 7.13 2 .3
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only 120 lu*. This in c rea se  in  s p e c i f i c  a c t i v i t y  with time i s  not seen 
when the seed lings  are  t r a n s f e r r e d  to  14 o r 2% a f t e r  the  germ ination 
per iod .
The in c rea se  in  s p e c i f i c  a c t i v i t y  with time a t  20% w i l l  in c re a se  
r a t e  of re a c t io n  under co n d i t io n s  of s u b s t r a te  s a tu r a t i o n  and th i s  w i l l  
serve to enhance the a lread y  e x i s t in g  d i f f e r e n c e  in  a c t i v i t y  between 
roo ts  grown a t  20% and those grown a t  14 o r  2% , which occurs 
by v i r tu e  of these  d i f f e r e n t  growth tem peratures ( th e  h igher  the 
temperature the h igher w i l l  be the  enzyme a c t i v i t y ) .
C a lcu la t io n  of the  QIO fo r  s p e c i f i c  a c t i v i t y  of MDH in  the  two 
spec ies  over the tem perature  range 2-14%  rev ea ls  a lower QIO in  pea than 
in  maize (Table 17). This in d ic a te s  t h a t  s p e c i f i c  a c t i v i t y  in  pea i s  
le s s  influenced by tem perature than s p e c i f i c  a c t i v i t y  in  maize . Under 
low tem perature cond i t ions  t h i s  could be im portant fo r  m a in ta in ing  a 
h ighe r  m etabolic  r a t e  in  pea compared w ith maize ro o t s ,  s ince  the  
le v e l  of enzyme a c t i v i t y  in  pea w i l l  be r e l a t i v e l y  h ig h e r  ( c lo s e r  to 
the maximum s p e c i f i c  a c t i v i t y  recorded a t  the tem perature  optimum 
fo r  the  enzyme) than in  maize.
Conclusions
I
In summary, the  changes which were observed in  the  k in e t ic  
p ro p e r t ie s  of the  enzyme in  the  two spec ies  were such t h a t  in  pea, but 
not in  maize, they  were towards favouring  a r e l a t i v e l y  high r a t e  of 
r e a c t io n  a t  low tem pera tu res .  F i r s t l y  in  pea roo ts  th e re  was a d e c l in e  in  
Km value , de termined a t  2 % , between seed lings  aged 72 and 192 h r  (from f i r s t ,  
soaking the  dry see d s ) ,  independently  o f  the tem perature regime which the  
ro o ts  exper ienced (2 , 14 o r  20% were the  growth tem peratures t e s t e d ) .  Mean­
w h i le ,  Km determined a t  14% a t  the  above re sp ec t iv e  t im es , inc reased  in  value J
:
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(excep t a f t e r  192 hr a t  the  warmest tem pera tu res ,  20% , where Km was 
ma in tained a t  the  value recorded a f t e r  72 h r ) .  As a consequence o f  th ese  
Km changes, as the seed lings  age, th en ,  fo r  a given s u b s t r a t e  concen tra ­
t i o n ,  r a t e  of r e a c t io n  a t  2% compared w ith 14% i s  r e l a t i v e l y  g r e a t e r  
in  the  o ld e r  s e e d l in g s .  The f u l l  importance of t h i s  s h i f t  in  vivo could 
only be e s ta b l is h e d  a f t e r  a study o f s u b s t r a t e  co n cen tra t io n  in  the c e l l  
o r  more p re c ise ly  in  the  v iq in i t y  o f  the  enzyme i t s e l f .  I t  i s  however 
p o te n t i a l ly  a very im portant mechanism fo r  m aintain ing  r e a c t io n  r a t e  in  
the  face of low tem pera tu res .
In maize g row n 'a t  20% the enzyme showed a d e c l in e  in  the  Km 
(determined a t  both 2 and 14% ), between day 5 and 10 from f i r s t  soaking 
the  seeds. But a f t e r  su b jec t in g  the  seed lings  from day 5-10 to  e i t h e r  
14 o r  2% t h i s  d ec lin e  in  Km was not observed, ye t  these  growth tempera­
tu re s  are p re c ise ly  those  where a lower Km could be b e n e f i c i a l  in  promoting 
a r e l a t i v e l y  rap id  r a t e  of r e a c t io n .
At g row th 'tem peratures  of 2 and 14 C the f a i l u r e  to  modify the  
Km in  the  manner seen a t  a growth tem perature  of 20% may be a very 
im portan t f a c to r  a sso c ia ted  with the  i n a b i l i t y  of maize seed lings  ro o ts  
to  continue growing a t  low tem pera tu res ,  s p e c i f i c a l ly  those  a t  and below 
6%  (see Chapter 2 ) .
Secondly, w ith  re sp ec t  to  s p e c i f i c  a c t i v i t y ,  t h a t  of pea was 
r e l a t i v e l y  h igher than t h a t  o f  maize a t  low tem pera tures , aga in  a f e a tu re  
b e t t e r  adapt ing  pea ro o ts  to  cold co n d i t io n s  than maize ro o t s .
A range of o th e r  vege tab le  sp e c ie s ,  some low tem perature  t o l e r a n t  
and others low tem perature  s e n s i t iv e ,  were assayed f o r  the  Km o f MDH in  
the  ro o t  system to  determine i f ,  in  o th e r  sp ec ie s ,  the  tren d s  seen in  
pea and maize were e v id e n t ,  t h a t  i s ,  to  determine i f ,  in  cold t o l e r a n t
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sp e c ie s ,  thé  value of Km determined a t  2% d ec lin es  in  o ld e r  seed lings  
( p a r t i c u l a r ly  when sub jec ted  to  a per iod  of time a t  2 % ) ,  whereas in  
cold s e n s i t iv e  spec ies  t h i s  i s  not to  be observed a f t e r  a low tem perature  
t re a tm e n t .
The spec ies  o f  vege tab les  were chosen to  cover a range of 
vege tab les  grown in  t h i s  coun try .  To o b ta in  s u f f i c i e n t  ro o t  m a te r ia l  
la rg e  seeded spec ies  only were used. The spec ies  s tudied  were, oa ts  
(Avena s a t iv a  L , ) ,  b a r le y  (Hordeura vulgare  L . ,  var golden prom ise), 
broad bean (V icia faba L. v a r .  e a r ly  long pod), marrow (Cucu%bita pepo 
L. var m edullosa), cucmber (Cucumis s a t iv u s  L. v ar ,  te le g ra p h )  and 
k idney bean (Phaseolus v u lg a r is  L. v ar .  Canadian wonder).
The gene ra l form of the  exper iment fo r  each spec ies  was to
germ inate seed a t  a warm tem perature  fo r  the  sp ec ie s ,  20 o r  2 6 .5 % ,
and s e le c t  seed lings  from each batch  fo r  fu r th e r  growth a t  a time when 
a m a jo r i ty  o f  seed lings  had made between 1 and 2 cm of ro o t  grow th.
Only the  seed lings  w ith  ro o ts  in  t h i s  leng th  range were used. At t h i s  
time and a f t e r  f u r t h e r  per iods  of growth e i t h e r  a t  the  germ ination 
tem perature  or a t  2% , the  ro o ts  were e x tra c te d  and assayed fo r  MDH by
the method descr ibed  fo r  pea and ma ize, appendix 3 . The Km was d e t e r ­
mined a t  2 and 14%.
P rec ise  tem peratures and times fo r  each s tage  of germ ination 
and growth fo r  a l l  the  spec ies  a re  given in  Table 10, This ta b le  a lso  
gives  the  medium in  which the  seed lings  were grown.
R esu l ts  and D iscu ss io n .
The values  fo r  the  Km MDH de termined a t  2 and 14% fo r  the  ' • 
ro o ts  of the  six' spec ies  of vege tab le  seed lings  a re  presen ted  in  Table 19.
Four of the  spec ies  a re  cold t o l e r a n t ,  o a ts ,  b a r le y ,  broad bean
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Table 18. C onditions fo r  germ ination and growth o f  s ix  spec ies  of 
vege tab les  used in  the  assay o f  MDH from the r o o t s .
Spec ies Germination
medium
Germination
co n d itio n s
Time period 
f o r  f u r t h e r  
growth a t  
germ ination 
temp, or a t  
2% (h r)
P o r t io n  of 
the  ro o t  
ha rves ted  
fo r  MDH 
assay
Oats S a tura ted  
f i l t e r  paper
96 h r  a t  20°C 144 • Whole roo t 
system
Barley S a tu ra ted  
f i l t e r  paper
54 h r  a t  20°C 120 Whole ro o t  
system
Broad bean Peat and 
sand m ix ture
168 h r  a t  20®C " 168 1 cm ro o t  t i p
Marrow S atu ra ted  
f i l t e r  paper
72 hr a t  26.5°C 168 Whole ro o t  
system
Cucumber Sa tu ra ted  
f i l t e r  paper
36 hr a t  26.5°C 120 Whole ro o t  
system
Kidney bean Peat and 
sand mixture
72 h r  a t  26.5°C 96 1 cm ro o t  t i p
I
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Table 19. Km of MDH from the  ro o t s  o f s ix  spec ies  o f  v eg e ta b le .  Km 
determined a t  2 and 14% . U nits  x 10""^ M«
Spec ies
Temp, a t  which KM
de termined
IÛ1 determined a t  the  end of 
m ination period:
the  g e r -
Only Plus growth* 
a t  ge rm ination 
temp.
P lus growth^ 
a t  2*C
Oats 2 0 .6 5 -0 .0 9 0.63*0.12 0.72*0.09
" 14 0.91*0.11 0.74*0.01 0.99*0.13
Barley. 2 0,68*0.11 0.98*0.10 , 0.67*0.04
14 1.06*0.21 0.81*0.13
Broad bean 2 0.75*0.04 0.65*0.06 0.88*0.0914 0.94*0.07 0.67*0.04 0.94*0.15
Marrow 2 0.83*0.03 0.97*0.07 0.70*0.0414 0.60*0.04 1.06*0.05 0.73*0.14
Cucumber 2 0.63*0.06 0.86*0.12 0.78*0.24
14 0.69*0.15 0.96*0.14 1.18*0.32
Kidney bean 2 0 .82*0.07 — 1.15*0.09
14 0.81*0.07 0 .9 8 * -.0 8
X See ta b le  18 fo r  d e t a i l s  o f  th e se  tem peratures and times
I
» ;•
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and marrow and the  o th e r  two cold i n t o l e r a n t ,  cucumber and kidney 
bean . Thus the  former fou r spec ies  were though t to  be the  ones most 
l ik e ly  to  show changes in  the  value of Km of an adap t ive  n a tu re  to  cold j
tem pera tu res .  However a l l  fou r  sp ec ie s  showed only small v a r ia t io n s  in  
the  value of Km follow ing growth a t  the  d i f f e r e n t  tem perature  reg imes, 
bu t  in  a l l  cases except one ( t h a t  of marrow a t  the  end o f  the  germ ina tion  
p e r io d ) ,  the Km determined a t  2 was le s s  than th a t  a t  14% , Thus, in  '
these  spec ies  (o a ts ,  b a r le y ,  broad bean and marrow) the  enzyme appears 
to  possess the in h e ren t  property  of be ing more s e n s i t iv e  to  i t s  s u b s t r a t e  
a t  lower tem pera tu res .
The Km of MDH from o a t s ,  when determ ined a t  2 % , varied  l i t t l e  
between the d i f f e r e n t  g row th-tem perature regimes used, bu t  Km of ba r ley  
and marrow was lower a f t e r  growth a t  2% than a t  20% , However with 
broad bean the  reverse  was found . Km determined a t  2% was h ighe r  a f t e r  *
growth a t  2 than a t  20% , No spec ies  showed the i n i t i a l  high Km a t  2% 
a t  the  end of the  ge rm ination per iod  t h a t  was seen in  pea, and a lso  
u n l ik e  pea, fo llow ing  growth a t  2% the  Km determined a t  2% i s  not 
markedly lower than the  value a t  14%, although in  the  fo u r  spec ies  i t  
i s  in v a r ia b ly  somewhat lower.
The two spec ies  i n to le r a n t  of low tem perature , cucumber and ,
kidney bean, both show h ighe r  values o f  Km following growth a t  2% 
compared w ith the  values  a t  the  end o f the  germination per io d .  This i s  
comparable to  what was found fo r  maize. But in  c o n t r a s t  w ith maize, 
fo llowing f u r t h e r  growth a t  the ge rm ination tem perature Km d id  no t show 
a d ec lin e  in  va lue , r a th e r  the  rev e rse  was found . The d a ta  fo r  cucumber 
shows th a t  in  t h i s  spec ies  A fte r  growth a t  20% Km value rose to  a value 
h igher when determined a t  2% than th a t  following growth a t  2% .
In summary, none of the  s ix  vege tab le  spec ies  s tud ied  above
'  -
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( fou r  cold t o l e r a n t  and two cold s e n s i t iv e )  showed d i s t i n c t i v e  p ro p e r t ie s .  i
Aof Km fo r  MDH which could bo r e la t e d  to  t h e i r  cold t o le r a n c e .  There was, 
however, a tendency in  the  cold t o l e r a n t  spec ies  f o r  Km to  be lower when 
de termined a t  a low tem peratu re , 2 % , compared w ith 14% . This w i l l  
favour maintenance of r e a c t io n  r a t e  a t  low tem peratures and thus may be
a mechanism whereby cold t o l e r a n t  spec ies  m aintain  metabolism a t  low 4
tem pera tu res .  Growth tem peratures  (2 o r 20% ) had l i t t l e  in f lu en ce  on 
Km va lu es .
By c o n t r a s t ,  in  cold s e n s i t iv e  spec ies  the  low growth tem pera tu re ,
2 % , follow ing  the  germ ination perioda t 2 6 .5 % , r e s u l t e d  i n  Km values fo r  
MDH, a t  both 2 and 14%, in c re a s in g  , thus e f f e c t iv e ly  reducing the  re a c t io n  
r a t e  fo r  s u b s t r a te  co n cen tra t io n s  in  the  region o f ,  or lower than , the •
Km.
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CHAPTER 7
Km AND ACTIVITY OF INVERTASE EXTRACTED FROM THE ROOT TIPS
. OF PEA AND MAIZE
In tro d u c t io n
The le v e ls  and proport ion s  of f r u c to s e ,  glucose and Sucrose in  
the  roo t  t i p  of pea and maize show la rg e  d i f f e r e n c e s  when compared fo r  
ro o ts  grown a t  d i f f e r e n t  tem pera tu res . Growth r a te  i s  r e la t e d  to the 
q u a n t i t i e s  and proport ions  o f  these  sugars ,  and to  r e s p i r a t i o n  r a t e  
(Chapter 5 ) .  ( S p e c i f i c a l ly ,  in  pea, growth r a te  i s  d i r e c t l y  r e la t e d  . 
to the r a t i o  glucose c o n ten t /su c ro se  con ten t o f  the  r o o t ,  and to 
r e s p i r a t i o n  r a t e ,  p ,l07 ; in  maize, a t  tem peratures above 6 C, the  
same re la t io n s h ip s  are  observed. At 2% , a th i r d  f a c to r  in f lu en c in g  
growth of maize roo ts  i s  the t o t a l  sugar con ten t of the ro o t ,  p.
108.) In the experiment desc r ibed  below a study of the  k in e t ic  
p ro p e r t ie s  of in v e r ta s e  e x t ra c te d  from roo ts  grown under d i f f e r e n t  
tem perature regimes i s  under taken, to determine to  what e x te n t  the 
e f f e c t s  of tem perature  on le v e ls  of sugars in  the  ro o t  a re  exer ted  
through tem perature e f f e c t s  on the  k in e t i c  p ro p e r t ie s  of in v e r ta s e .
As fo r  MDH, in  the prev ious ch ap te r .  Km and a c t i v i t y  o f  in v e r ta se  
a re  de termined a t  two tem perature (2 and 14% ), a f t e r  growth per iods 
a t  th ree  tem peratures (2 , 14 or 2 0 % ), w ith s im i la r  aims, i . e . :  to
determine whether, between the two sp ec ie s ,  th e re  are  d i f f e r e n c e s  in  
the p ro p e r t ie s  o f  the enzyhie, and, w ith in  each s p e c ie s ,  th e re  are  
changes in  the  p ro p e r t ie s  of the  enzyme dependent on the  tem perature 
regime the  seed lings  exper ience .
132,
Method
Seeds of pea and maize were germinated and se le c ted  fo r  the cold 
incuba to rs  as desc r ibed  on page 16* At the end o f the  re sp ec t iv e  
germ ination per iods fo r  pea and ma ize, and a lso  a f t e r  seed lin g s  were 
grown in  the  cold in cu b a to rs  a t  2 and 14% fo r  120 h r ,  a crude homo- . 
genate d isp lay in g  in v e r t a s e  a c t i v i t y  was prepared by g r ind ing  the  
d i s t a l  1 cm segment of the  ro o ts  in  McXlvaine’ s b u f f e r .  This homogenate 
was p a r t i a l l y  p u r i f ie d  by f r a c t i o n a l  p r e c ip i t a t io n  o f  the  p ro te in s ,  
using in c re a s in g  co n cen tra t io n s  o f  ammonium si2phate. The f r a c t io n  
con ta in ing  in v e r ta s e  a c t i v i t y  was resuspended, d ia ly s e d ,  and the Km of 
in v e r ta s e  determ ined, using Sumner*s co lour r e a c t io n  to  measure the 
amount of hexose produced fo llow ing  incuba t ion  o f  sucrose  with the 
in v e r ta se  resu spens ion .  A ll de te rm in a tio n s  of Km were made a t  two 
tem pera tu res ,  2 and 14%. D upl ica te  experiments were performed in  some 
case s .  The f u l l  procedures used are  g iven in  Appendix 4 .
The cond itions  o f  growth of the seed lings  in  the  in cu b a to rs  were 
as desc ribed  on p, 18, Batches of ro o ts  of both spec ies  were a lso  ' 
grown a t  20% f o r  120 hr fo llow ing the  ge rm ination period and the  
enzyme e x t r a c t e d ,  p a r t i a l l y  p u r i f ie d  and assayed, as above.
R esul ts  and D iscu ss ion ,
In v e r ta se  from, pea r o o t s .
Lyne and apRees (1971), have re c e n t ly  demonstrated the  e x is ten ce  
of two d i f f e r e n t  in v e r t a s e s ,  in  the  ro o ts  of pea, which have d i f f e r e n t  
pH optima. They r e f e r  to  them as acid  and a lk a l in e  in v e r t a s e ,  pH op­
tima 5.1 and 7 .3  re s p e c t iv e ly ,  f o r  the  hyd ro ly s is  of sucro se . The 
e x t r a c t i o n  and p a r t i a l  p u r i f i c a t i o n  procedure used by Lyhe and apRees 
was followed in the  presen t exper iment bu t only s u f f i c i e n t  m a te r ia l  was
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ob ta in ab le  to  measure acid  in v e r ta se  a c t i v i t y .  The value ob ta ined by 
Lyne and apRees fo r  the  Km of sucrose hyd ro lys is  by in v e r ta s e  was 5 .3  x,
1 0 ~ ^ ,  using roo ts  of pea germ ina ted 130 h r  a t  25% and determ ining Km 
a t  30% .
The value ob ta ined  in  the  p re sen t  exper im ent, fo r  pea ro o t  t i p s  |'3
exc ised  from seed lin g s  grown 72 h r  a t  20% and Km determined a t  14%,
was 4 ,68 X 10” M (average of the values  given in  Table 20), At 2 C
-3the value was 4 ,62 x 10 M. These values are not s i g n i f i c a n t ly  d i f ­
f e r e n t  from each o th e r  or from the  value ob tained by Lyne and apRees,
A fte r  a fu r th e r  period of 120 hr growth a t  20% the Km determined a t  
2% was s l i g h t l y  h ighe r  and Km determined a t  14% was somewhat lower," 
though in  both cases the  e r r o r s  a ttached  to  the  values  overlap  those 
fo r  the values a t  the end o f the  germ ina tion  per io d .  Thus Km fo r  
in v e r ta se  remains a t  a co n s tan t  value whether de termined a t  2 o r  14% 
f o r  the  enzyme e x t ra c te d  from seed lings  grown 120 .o r  240 hr a t  20% .
However marked changes in  the  Km a re  observed following growth a t  
the  tem peratures of 14 and e s p e c i a l ly  a t  2% . In  both these  cases Km 
determined a t  2% i s  s ig n i f i c a n t ly  lower than th a t  determined a t  14% .
The im portan t f e a tu re  of these  r e s u l t s  i s  t h a t  in v e r ta s e  e x tra c te d  
from the ro o ts  of seed lings  which have only exper ienced the  warm
tem perature of 20% d isp la y  a s in g le  value fo r  Km independently  of the 
tem perature  a t  which Km i s  determ ined, wherease seed lings  which have
exper ienced the lower growth temperatures of 14 and 2% d isp la y :  1) . 3
a lower Km value when th i s  i s  determined a t  2 compared w ith  14% and 
and 2) a Km value de termined a t  2% lower than th a t  f o r  in v e r ta s e  from 
seed lings  grown a t  20% , T his  has im portant consequences fo r  r a t e  of 
re a c t io n  under cond i t ions  where s u b s t r a t e  c o n ce n tra t io n  i s  in  the range 
of or lower than the  Km, Thus ro o ts  o f  seed lings  grown a t  20% w i l l
i
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Table 20, Km of in v e r t a s e  e x t ra c te d  from the d i s t a l  1 cm of oea o r 1
maize roo ts  arown under d i f f e r e n t  temoer a tu re  reaim es. Km was d e t e r -
mined a t  two tem o e ra tu re s . 2 and 14%. Units fo r  the values  of Km a re
mM.
'  3
C onditions o f  growth Km (mM) de termined a t :
2% 14% ' I
Germination fo r  72 h r  a t  20% Pea ' j
ONLY 5.44*1.30
' 4 .62Ï0 .91 3,93*0.25
plus 120 hr a t  20% 5,32^1.42 3.72*0.69
plus 120 hr a t  14% 3 .10Ï0 .15 5.56*0.16
plus 120 h r a t  .2% 1.56*0,18 ' 6 .19*0 .20
2.08*0,33 4 .03*0 .19
■I
Germ ina tion fo r  120 h r  a t  20% Maize
ONLY 8 .26*0.61 7.10*0.47
plus 120 hr a t  20% 8.18*0.69 9.37*0.69
plus 120 hr a t  2% 5.13*0.90 4,54*0.75
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show a g r e a t e r  d ec l in e  in  r a t e  of re a c t io n  ca ta ly sed  by in v e r t a s e  over 
the temperature range 14 down to  2% than w i l l  ro o ts  o f  seed lings  grown 
a t  these  two re sp e c t iv e  tem pera tu res .  Th is i s  e s p e c i a l ly  tru e  fo r  ro o ts  
grown a t  2% . In these  ro o ts  the  lower Km determined a t  2% in d ic a te s  
a g r e a t e r  a f f i n i t y  o f  the  enzyme fo r  i t s  s u b s t r a te  and thus  a r e l a t i v e l y  
f a s t e r  r a t e  of re a c t io n  than would be expected on the  b a s is  of the  Km
determined a t  14%. The lower Km a t  2% rep re sen ts  a s p e c i f i c  adap ta­
t io n  to  low tem pera tu res ,  be ing developed only a f t e r  growth of the 
seed l ing s  a t  2 o r  14% , and s u i t i n g  the  ro o ts  to low tem perature cond i­
t io n s  by in c rea s in g  enzyme a f f i n i t y  f o r  i t s  s u b s t r a t e .
The im p l ic a t io n s  of t h i s  s h i f t  in  Km fo r  sucrose hy d ro ly s is  in  
i n t a c t  ro o ts  could only by f u l l y  assessed  i f  a c a r e fu l  study of the 
c e l l u l a r  l o c a l i s a t i o n  of the  enzyme, the  a v a i l a b i l i t y  of s u b s t r a t e  in  
the  v i c in i t y  of the  enzyme, c e l l u l a r  pH and enzyme i n h ib i t o r s  in  vivo 
were under taken. However even w ithou t  such a s tudy, the  s h i f t  in  Km 
in  pea follow ing growth a t  2% can be seen to be of adapt ive  s ig n i f ic a n c e .
The inc reased  a f f i n i t y  o f  the enzyme fo r  i t s  . s u b s t r a t e  a t  the loiver 
tem perature, 2% favours maintenance of a r e l a t i v e l y  h ig l e r  r a t e  of 
r e a c t io n  fo r  any p a r t i c u l a r  s u b s t r a te  c o n cen tra t io n .  This may be of 
importance fo r  m a in ta in ing  the  gene ra l  r a t e  of metabolism a t  the low 
tem perature and thus  u l t im a te ly  fo r  m ainta in ing  growth o f  the  ro o t s .  '
P o te n t i a l ly ,  change of the  type seen in  in v e r ta se  in  the  k in e t ic  
p ro p e r t ie s  o f  any enzyme could be o f g re a t  adapt ive  s ig n if ic a n c e  in  
low tem perature c o n d i t io n s .
Lyne and apRees (1971), R icardo and apRees (1970), and R icardo 
(1974) b e liev e  in v e r t a s e  to  be a very im portant enzyme in  pea ro o ts  and 
in  c a r ro t  ro o t  t i s s u e s  in  c o n t ro l l in g  sugar metabolism. The ex is ten ce  
of two in v e r t a s e s ,  a lk a l in e  and acid in v e r t a s e ,  whicli they be liev e  to 
be located  in  two d i f f e r e n t  p a r ts  of the c e l l ,  the  cytoplasm and the  to n o p la s t  |
4A-I
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and /o r c e l l  wall r e s p e c t iv e ly ,  allow a con s ide rab le  degree of co n tro l  
over whether sugar i s  s to red  o r  accumulated in  the  c e l l  vacuole as 
sucrose , o r  whether rap id  in v e rs io n  occurs to  prov ide hexoses. The-, 
le v e ls  of the  two in v e r ta s e s  have been found to  vary independently  o f  
each 'o ther both a t  d i f f e r e n t  s tag es  o f  growth in  c a r r o t  and a t  
d i f f e r e n t  p o s i t io n s  along the  roo ts  o f  pea. Bradshaw e t  a l  (1969), 
and Bradshaw and Edelman (1969), us ing  d is c s  of Je rusa lem  a r t ich o k e  
tu b e rs ,  have shown t h a t  le v e ls  of in v e r ta s e  in  t h i s  t i s s u e  are  c o n t ro l le d  
by g ib b e r e l l in  and in  sugar cane i t  i s  p o ss ib le  t h a t  g lucose has a 
s im i la r  c o n t ro l l in g  in f lu en ce  (Sacher e t  a i ,  1963). These f ind ings  
to g e th e r  prov ide s trong  evidence t h a t  in v e r ta se  i s  a key enzyme in  
re g u la t in g  sugar metabolism in  p lan t  t i s s u e s .  The change in  Km of 
in v e r t a s e  observed in  the  p resen t experiment may re p re se n t  ano ther 
method whereby c e r t a i n  p la n t  t i s s u e s ,  e^g ,:  pea ro o ts ,  co n tro l  t h e i r  
sugar metabolism a t  low tem pera tu res .  Bow th i s  a l t e r a t i o n  in  Km may 
be achieved has been d iscussed  in  the  prev ious chap te r  ( p . 117). The 
p o s s i b i l i t i e s  are as fo llow s,
1. An a l t e r a t i o n  in  the  t e r t i a r y  o r qua te rnary  s t ru c tu re  of the enzyme 
may be induced by tem perature  changes. Thus exposure of the  in v e r ta s e  
p ro te in  molecule to  d i f f e r e n t  tem peratures may r e s u l t s  in  a d i f f e r e n t  
molecular conformation which in  tu rn  causes a d i f f e r e n t  a f f i n i t y  of 
the  enzyme f o r  the  s u b s t r a t e .
2. D if fe re n t  spec ies  of the  in v e r ta s e  enzyme may be syn thes ised  a t
a t  d i f f e r e n t  tem peratu res; th a t  a t  the  lower tem peratu re , in  the  p re sen t  
case ,  having a g r e a t e r  a f f i n i t y  f o r  the  s u b s t r a t e .
3. At a l l  tem pera tu res ,  a range of enzyme spec ies  may be sy n th es ised .  
There i s  then s e le c t iv e  deg rada t ion  of those spec ies  having i n f e r i o r  
c a t a l y t i c  p ro p e r t ie s  a t  the  p a r t i c u l a r  tem perature to  which the roo ts  
a re  exposed.
r ' I
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Of immediate concern i s  ano the r  f in d in g  of Lyne and apRees (1971), 
In a d d i t io n  to th e re  being two in v e r ta s e s  in  pea ro o ts  they showed ' 
t h a t  the  a c t i v i t i e s  o f  the  enzymes varied  both along and ac ro ss  the 
ro o t .  Thus acid in v e r ta s e  a c t i v i t y  in  3 mm segments o f  the  roo t  taken 
su cce ss iv e ly  back from the  t i p  was in v e rs e ly  r e la t e d  to  sucrose con ten t 
in  the  segments. In  the  zone o f c e l l  d iv is io n  and e lo n g a t io n  (3-9  mm) 
the  acid in v e r ta se  a c t i v i t y  per mg p ro te in  was four times g r e a t e r  than 
in  segments of the  ro o t  taken beyond 15 mm from the  ro o t  t i p .  Sucrose 
con ten t behaved r e c ip r o c a l ly .  In the  zone of e lo n g a t io n  the  con ten t 
was only 50% of t h a t  recorded f u r t h e r  from the ro o t  t i p .  Across the 
ro o t  they found th a t  ac id  in v e r ta s e  predom inated in  the  c o r te x  and 
a lk a l in e  in v e r ta se  in  the  s t e l e  (a lthough  the  a c t i v i t y  o f  the l a t t e r  
was much lower in  both t i s s u e s ) .  The co r tex  was where sucrose concen­
t r a t i o n  was r e l a t i v e l y  lower. Thus, here again acid  in v e r t a s e  a c t i v i t y  
i s  in v e rse ly  r e la t e d  to  sucrose co n ten t ,
The da ta  obtained in  the  p resen t  experiment fo r  le v e ls  of 
in v e r ta se  a c t i v i t y  f u r t h e r  support the idea t h a t  acid  in v e r ta se  a c t i v i t y  
and sucrose con ten t a re  in v e rse ly  r e la t e d  when expressed on a f re sh  
we igh t b a s is  bu t  here  tem perature  i s  the  f a c to r  a s so c ia te d  with the 
d i f f e r e n c e s  in  sucrose  con ten t (Table 21) (see  Chapter 3 ) .  A fte r  120 
hr in  the cold incuba to rs  sucrose le v e ls  reach the h ig h e s t  values in  
seed ling  roo ts  kept a t  the  lowest tem perature (F ig ,  11) . The a c t i v i t y  
o f  the acid  in v e r ta s e  in  ro o t  t i p s  a f t e r  120 h r a t  2^C and a t  14®C 
can be seen to  be in v e rse ly  r e la t e d  to  these  sugar l e v e l s .
However an excep t ion  to  t h i s  r e la t i o n s h ip  occurs a t  the  end .of 
the  germ ina tion p e r io d .  Sucrose co n cen tra t io n  i s  in te rm ed ia te  compared 
w ith the values a f t e r  120 h r growth a t  2 and 1 4 but  the  acid  in v e r ­
ta se  lev e l  i s  not in te rm ed ia te  as would be expected but i s  r a t h e r  low 
( s im i la r  to  th a t  recorded f o r  ro o ts  a f t e r  120 hr. a t  2 ^ 0 ,  This i s
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Table 21. A c t iv i ty  o f  in v e r t a s e .  and sucrose c o n ten t ,  e x tra c te d  from 
the d i s t a l  1 cm of oea o r  maize ro o ts  grown u n d a r d i f f e r e n t  tem perature 
reg im es.
Conditions of growth In v e r ta s e  a c t i v i t y  
^ lU/mg FW 
2^C 14*C
Sucrose, content* 
mg/g FW .
Germination fo r  72 hr 
a t  20*C
•
Bea '
ONLY 0.049 0.142 3.45
plus ' 120 hr a t  14*C 0.091 0.258 1.81
plus 120 hr a t  2^C 0.057 0.136 5.83
Germ ina tion fo r  120 hr 
a t  20*C Mai ze
ONLY 0 .036 0.085 8.18
plus 120 hr a t  2^C 0.056 0.113 3.72
^Values obta ined in  Chapter 3.
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probably because t h i s  enzyme i s  in  the  process of de novo sy n th es is  
by the  young ro o t s ,  and has not achieved i t s  f i n a l  l e v e l .  The lower 
sucrose lev e l  24 h r  a f t e r  tra n s fe re n c e  to  the cold in cu b a to rs  (a time a t
which sucrose t r a n s lo c a t io n  from the cotyledons has not s t a r t e d ,  see
p, 33) supports t h i s  i n t e r p r e t a t i o n ,  Fig* 11, The lower le v e l  i s  '
conside red  to  be due to  the continued bu ild  up of ac id  in v e r ta se  
a c t i v i t y  by de novo sy n th e s is .
The c o r r e l a t i o n  of acid  in v e r ta s e  a c t i v i t y  and sucrose con ten t 
may be extended f u r t h e r  to  inc lude  growth r a t e .  In  pea ro o ts  the  
low ac id in v e r ta s e  a c t iv i t y .a n d  the high sucrose con ten t are  bo th p re ­
sen t under low tem perature  c o n d i t io n s ,  where growth was a t  a low r a t e .  
Hatch and Glaziou (1963), working w ith  the  immature in te rn o d e s  o f  
sugar cane a lso  observed t h i s  same c o r r e l a t i o n .  In  t h e i r  case low 
growth r a t e ,  whether induced by low tem peratures o r  by drought was 
a sso c ia ted  with a r e l a t i v e l y  high sucrose  con ten t and a low acid in v e r ­
ta se  c o n ten t ,  in  the t i s s u e .
In v e r ta s e  from maize ro o ts
. H e llebu s t  and forward (1962), have reported  Km values fo r  
in v e r ta se  from the ro o ts  of maize of 6 .2 ,  7 .9  and 6.10 x 10~ M ( d e t e r ­
mined on roo t  segments 0-2 , 2 .5 -5 .0  and 0-10 mm re s p e c t iv e ly  from th e .  
t i p ) .  They used roo ts  of seed l ing s  grown a t  30®C f o r  70 h r .  At the  
end of the  ge rm ination period in  the p resen t  experiment the  ro o t s ,  aged 
120 hr a t  20^0; possessed an ac id  in v e r ta s e  with a Km of 7 .1  x 10 
a t  14^0 (Table 20) which i s  s im i la r  to  the values quoted above. At 
2^C the Km was h ig h e r ,  8 .26 x 10~^M, bu t the d i f f e r e n c e  between these  
values  may not be s i g n i f i c a n t .  Continued growth a t  20^0 re s u l te d  in 
no s ig n i f i c a n t  change in  Km determined a t  2^C bu t  a r i s e  in  Km 
determined a t  14^C. However values fo r  Km a t  these  two tem peratures 
possessed overlapp ing  e r r o r s  and these  a re  no t th e re fo re  considered
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s ig n i f i c a n t ly  d i f f e r e n t .  Following growth a t  2^C the  trend  seen in  
pea i s  not followed by maize to  any marked degree .  There i s  a down­
ward s h i f t  in  Km bu t un like  pea t h i s  i s  not confined to  the Km value 
de termined a t  2°C. The value de termined a t  14^C i s  a lso  lower and 
a c tu a l ly  showed the la rg e r  d ec rea se .  A lower value de termined a t  the 
tem perature of 2^C but an unchanged value a t  14°C (compared w ith the  
values a t  these  re sp ec t iv e  tem peratures a f t e r  growth o f the ro o ts  a t  
2 0 ^ 0 ,  as was found in  pea, i s  not apparent in maize. Thus maize 
does not show a s h i f t ,  in  the  Km of in v e r t a s e ,  r e la t e d  to  low grow th- 
tem pera ture , which may be of adap t ive  s ig n if ic a n c e  fo r  low tem perature 
co n d i t io n s ,
. A f u r t h e r  po in t  i s  t h a t ,  in  abso lu te  value , the  Km of in v e r ­
ta se  from pea ro o ts  i s  lower than t h a t  from maize ro o ts  and th i s  
g r e a t e r  a f f i n i t y  o f  the enzyme fo r  i t s  su b s t ra te  in  pea ro o ts  w i l l  be 
advantageous fo r  m ainta in ing  an a p p re c i a b le , r a t e  of re a c t io n  a t  lower 
tem pera tu res .
With re s p e c t  to the a c t i v i t y  of acid in v e r ta s e  in  maize ro o t s ,  
i t  i s  found t h a t  a f t e r  exposure of the  seed l ing s  to  2^C, the a c t i v i t y  
of the  enzyme i s  g r e a t e r  than a f t e r  exposure to  20^C, Table 21. Th is 
i s  the reverse  of what i s  expected from prev ious work (see  d iscu ss io n  
above fo r  pea, and Hatch and Glasz iou 1963; where growth r a t e  i s  low -  
th a t  i s  a t  the  low tem perature  of 2^C in  the p resen t  example -  acid, 
in v e r ta s e  a c t i v i t y  i s  normally low). The r e s u l t  i s  very i n t e r e s t i n g  
in  t h a t  2^C i s  the  tem perature a t  which sugar metabolism in  maize ro o ts  
has been shown to  be d is tu rb e d  (p. 59 ) .  The g lucose /sucrose  r a t i o  
was abnormally h igh , due mainly to  a low le v e l  o f  sucro se , and the
t o t a l  sugar con ten t of the  ro o ts  d ec lined  con tinuous ly  with time 
exposed to  2^C, The high acid in v e r ta s e  a c t i v i t y  demonstrated in  t) 
pre sen t  experiment i s  considered  re sp o n s ib le  fo r  these  d is tu rb an ce s
141,
I t  i s  suggested th a t ,  in  the  maize ro o t  exposed to  low temperature's 
( e . g . ;  2®C) th e re  occurs a breakdown in  the  system c o n t ro l l in g  acid  
in v e r ta s e  a c t i v i t y ,  and th e r fo re  a breakdown in  c o n t ro l  of enzyme 
production  by the  ro o t s ,  s ince  a c t i v i t y  was measured in  p a r t i a l l y  
p u r i f ie d  homogenates, and r e f l e c t s  q u a n t i ty  of enzyme p re sen t  in  the  
ro o t .  This may be a very im portan t cause of breakdown i n  sugar meta­
bolism and c e s sa t io n  of ro o t  growth seen in  maize seed lin g s  a t  low ' 
tem pera tu res .
Conclusions
1. Pea and maize ro o ts  show a d i f f e r e n c e  in  t h e i r  c a p a c i t i e s  fo r  
modifying the k in e t i c  p ro p e r t ie s  o f  in v e r ta s e  a t  low tem pera tu res ,
2. In  pea, m o d if ica t ions  occur which may have adapt ive  s ig n i f ic a n c e .
a) F i r s t ,  a f t e r  exposure of seed l ing s  fo r  120 h r to  growth 
tem peratures of e i t h e r  2 o r  14^0, Km determined a t  2^0 i s  lower than 
Krn determined a t  14°C. This lower value a t  2^C i s  not seen e i t h e r  
before  seed lings  have exper ienced th ese  growth tem peratures  or a f t e r
exper iencing  120 hr a t  20^0. The lowering of Km is  a s p e c i f i c  response
to  low tem pera tu res ,  14^0 and below. The lower Km, determ ined a t  2^0,
and developed a f t e r  growth a t  2°C w i l l  enhance r a t e  of r e a c t io n ,  fo r  ,
s u b s t r a te  co n cen tra t io n s  in  the  range of or lower than the Km, r e l a t i v e  
to  the r a t e  a t  2^0 f o r  seed lings  which have exper ienced only 20^C,
A f te r  growth a t  14^0 the  same p o te n t i a l  i s  p resen t  as a f t e r  growth a t  
2°C (enhanced r a te  of r e a c t io n  a t  2 ^ 0 ,  bu t  has not been r e a l is e d  s ince  
seed lin g s  have no t exper ienced the  tem perature of 2®C, The mechanism 
r e s u l t in g  in  product ion  oT in v e r t a s e  with Km lower when de termined a t  
2^C than a t  14^C, thus comes in to  opera t ion  between the  growth tempera­
tu re s  of 14 and 20^C.
'  '.i ;
142,
Km shown by in v e r t a s e  presumably a c t s  to  ma in ta in  an apprec i ab le  bu t  
c o n t ro l le d  r a t e  of sucrose hyd ro lys is  a t  2^C prov iding hexoses 
e s s e n t i a l  fo r  r e s p i r a t i o n  and the  sy n th e t i c  processes involved in
I
The importance of  lower Km a t  the temperature  o f  2^C i s  due 
to  the r e l a t i v e l y  g r e a t e r  r e a c t i o n  r a t e  t h a t  can be maintained with ‘ I
low su b s t r a t e  concen t ra t ions  ( those  lower than the  Km), thus coun te r ­
a c t i n g  the usual  e f f e c t  of low temperature  to slow down re a c t i o n  ra te*  
P o t e n t i a l l y  the gene ra l  r a t e  of metabolism may thus  be maintained a t  an 
apprec iab le  r a t e  a t  low temperature  and be s u f f i c i e n t  to  mainta in  
ro o t  growth. . '
b) Second, s p e c i f i c  a c t i v i t y  of acid i n v e r t a s e  in  pea i s  
d i r e c t l y  c o r r e l a t e d  with temperature  and roo t  growth r a t e ,  and i n v e r s e ly  
r e l a t e d  to sucrose  content  of  the  roo t  t i s s u e .  At low temperatures  
the  high sucrose content  a s soc ia ted  with low acid i n v e r t a s e  a c t i v i t y  
i s  probably of importance fo r  co n fe r r in g  cold to le ran ce  on the  roo t s  
(see  d i scu s s ion  pp .55-8) .
The d i f f e r e n c e s  in  Km and s p e c i f i c  a c t i v i t y  of in v e r t a s e ,  * i
determined a t  2®C, between roo t s  grown a t  2 and a t  20^C, are  such as
5to a f f e c t  r a t e  of r e a c t i o n  in  oppos i te  ways. The Km a f t e r  growth a t  '.%
2^C r e l a t i v e  to growth a t  20^C s h i f t s  in  a manner enhancing r a t e  of 
r e a c t i o n  ( i t  becomes lower the reby  inc rea s ing  a f f i n i t y  of  the enzyme 
fo r  i t s  s u b s t r a t e )  while a c t i v i t y  a c t s  in  a way which w i l l  dec rease  
r a t e  of r e a c t i o n  ( a c t i v i t y  i s  lower -  de termined a t  2^C a f t e r  growth , 
a t  2®C compared w i th growth a t  20^C- g iving a slower  r a t e  of r e a c t i o n  
fo r  any s u b s t r a t e  concen t ra t ion  because the re  i s  l e s s  enzyme, presen t  
i n  the t i s s u e ) .  At the  same time and as a consequence of the  lower, 
i n v e r t a s e  a c t i v i t y ,  sucrose concen t ra t ion  i s  h ighe r  in  ro o t s  grown a t  
2^C. This h ighe r  sucrose  con cen t r a t io n  in  combination with the lower
J
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growth of the r o o t s .  i
3, In maize ro o t s ,  i n v e r t a s e  does not show changes in  i t s  k i n e t i c  ' 
p r o p e r t i e s ,  a f t e r  growth a t  2®C, of adapt ive  s ig n i f i c a n c e  fo r  low 
temperature  c o n d i t io n s .
a) In  maize,  a m odif ica t ion  in  the Km of the  type seen in  
pea i s  presen t  but to a much sm al le r  e x t e n t .  A f te r  growth a t  2®C the 
Km determined a t  2^C i s  reduced by l e s s  than h a l f  of  the  value a t  the 
end of the germination per iod (whereas in  pea Km was th re e  times lower 
a f t e r  growth of  the seed l ings  a t  2 ^ 0 .  This reduc t ion  in  the  Km value 
de termined a t  2^C i s  l e s s  than t h a t  observed when de termined a t  14^C 
(thus  a f f i n i t y  of the  enzyme f o r  the s u b s t r a t e  i s  a c t u a l l y  g r e a t e r  a t  
1 4 ^ 0 ,  and t h e r e fo re  cannot  be conside red e f f e c t i v e  in  mainta in ing 
r e a c t i o n  r a t e  a t  low temperatures  and low s u b s t r a t e  co n cen t ra t io n s .
b) The a c t i v i t y  of  in v e r t a s e  from maize kept a t  2°C (when ■$
growth ceases over 5 days.  F i g .  3) i s  unexpectedly h igh .  ‘ Low growth 
r a t e  i s  normally a ssoc ia ted  with low acid in v e r t a se  a c t i v i t y  (see pea 
above and Hatch and Glasz iou,  1963) bu t  in  maize, a c t i v i t y  of in v e r t a s e  
from roo t s  grown a t  2^0 i s  h ighe r  than from roo t s  grown a t  20^C. A 
breakdown in  the  system c o n t r o l l i n g  acid in v e r t a se  sy n th es i s  i s  though t  %
to  occur .  The enzyme i s  over-produced, r e s u l t i n g  in  rap id  hydro ly s is  
of sucrose in  the r o o t ,  and d e p le t i o n  of the t o t a l  sugar  con ten t  (F ig .
7 ) s ince  the hexoses produced from sucrose hydro lys is  a re  u t i l i s e d ,
presumably in  r e s p i r a t i o n  and b io sy n th e s i s  (Table 8 ) ,  f a s t e r  than 
they are  replaced by t r a n s p o r t  from the maize g ra in .
Thus the  d i f f e r e n c e s  in  i n v e r t a s e  behaviour  a t  low growth 
temperatures  between pea and maize roo t s  r e s u l t  in  d i f f e r e n t  p a t t e rn s  • |
of  sugar accumulation and u t i l i z a t i o n  by the r o o t s ,  which in tu rn  have 
a d i r e c t  e f f e c t  on growth r a t e ,  o r  the capac i ty  of the ro o t s  to e x h i b i t  -i
growth,  a t  2 C. A d i f f e r e n t i a l  e f f e c t  of low temperature  bn the behav iour '  ♦ •.{
1
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of  a s p e c i f i c  enzyme in  the  roo t s  of pea and maize has thus been 
im pl ica ted  as the b a s i s  f o r  the  d i f f e r e n t i a l  e f f e c t  o f  low temperature  
on growth of the roo ts  of these  sp ec i e s .
1
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FINAL SUMMARY AND CONCLUSIONS
A study of the  ca rbohydra te  metabolism of  pea and maize roo t s  * 
was under taken to determine what metabolic  d i f f e r e n c e s  underlay 
the  d i f f e r i n g  c a p a c i t i e s  of ro o t s  of the two spec ies  fo r  growth a t  
low temperatures .
(1) Growth and temperature  Growth of pea and maize ro o t s  was 
studied a t  four t empera tu res ,  2, 6, 10 and 14^0, Pea ro o ts  showed 
cons tan t  r a t e s  of growth a f  a l l  these  temperatures ,  even the  lowest ,  
whereas growth r a t e  o f  maize roo t s  a t  2 and 6®C dec l ined  over f iv e  ' 
days of exposure,  ceas ing e n t i r e l y  a t  2^0, The temperature  of 6®C 
was on the  b o rd e r l in e  fo r  con t inued growth of maize r o o t s .
(2) Sugar metabolism and tempera ture  At the minimum temperatures  
which were capable o f  su s ta in in g  growth (2®C fo r  pea; 6^C fo r  maize) 
the re  was a s im i l a r  s i t u a t i o n  with regard to  so luble  sugars,  with 
the sucrose content  of the  ro o t s  a t t a i n i n g  i t s  h ighes t  value and 
glucose content  i t s  lowest va lue .  With r i s e  in  temperature  above 
the  absolu te  minima fo r  growth th e r e  was a dec l ine  in  sucrose and an 
inc rease  in  glucose  content  i n  the  r o o t s .
At temperatures  below which the re  was no su s ta ined  roo t  
growth ( l e s s  than 6^0 in  maize),  a l l  sugars f e l l  d r a m a t ic a l ly  ( to  
50% the i n i t i a l  con ten t ,  a f t e r  f iv e  days a t  2®G). This  cond i t ion  
was never produced i n  pea. The d e c l i n e  in  sucrose con ten t  was 
p a r t i c u l a r l y  s i g n i f i c a n t  fo r  the d i f f e r i n g  c a p a c i t i e s  fo r  roo t  growth 
in  the two spec ies  s ince  a high sucrose content  (as whs recorded in  
p ea . ro o ts )  i s  involved i n  t o l e r a n ce  of  p lan t  t i s s u e s  to  low tem pera tu res .
(3) Resp i ra t ion  and temperature  The r e s p i r a t o r y  response o f  pea roo ts  
to  temperature  was t y p i c a l  of  a c h i l l  t o l e r a n t  spec ies  -  the  Arrhenius '
i-  a-
1 4 6 .  . ;
•'Ip lo t  fo r  r a t e  of oxygen uptake was l i n e a r .  The comparable p lo t  fo r  3
maize ro o t s ,  a f t e r  they were exposed fo r  f iv e  days to the four exper imental  
tempera tures ,  showed a break in  the  slope of  the  graph between 10 and 
6®C -  a f e a tu re  found i n  many c h i l l  s e n s i t iv e  s p ec i e s .  This  break was . I
due to a .very  low r e s p i r a t i o n  r a t e  a t  2 and 6®C, In  p a r t i c u l a r ,  
the r e s p i r a t i o n  a t  2^C was only 50% of the  r a t e  d isplayed  by pea r o o t s .
The h igher  r a t e  in  pea roo ts  i s  important fo r  s u s ta i n in g  roo t  growth 
a t  2*0. ' *
(4) Sugar feeding exper iments I t  was shown t h a t  the d i s turbed  sugar 
metabolism of  the  maize ro o t s  a t  2^C was d i r e c t l y  in f lu en c in g  growth 
and r e s p i r a t i o n  r a t e s  of  the r o o t s .  In  exper iments where sugars were fed 
to  the r o o t s ,  then on supplying glucose  the d is turbance  observed in  c a r ­
bohydra te metabolism of maize roo t s  was a l l e v i a t e d .  T o ta l  sugar con ten t  
of the roo t s  was mainta ined, sucrose content of  the  roo t  inc reased  ' 
to the h ighes t  l e v e l s  recorded in  roo t s  of t h a t  sp ec i e s ,  and r e s p i r a t i o n  
r a t e  was s t imula ted :  t h i s  was a sso c ia ted  with an in c rea se  o f  growth made 
by the r o o t s ,  . ..
(5) Enzyme mechanisms underlying metabolic  d i f f e r e n c e s  in  pea and ma ize ' 4
roo t s  (a) K ine t ic  p ro p e r t i e s  of  MDfl The k i n e t i c  p ro p e r t i e s  of MDH
e x t r ac t ed  from pea roo ts  a l t e r e d  i n  roo t s  of  o lde r  seed l ings  such
t h a t  the enzyme had inc reased  a f f i n i t y  fo r  i t s  s u b s t r a t e  a t  low tempera tu res .
Th is  was not found f o r  MDH e x t r a c t e d  from maize r o o t s .  A second d i f fé rence . ,
between the two spec ies  concerned the  s p e c i f i c  a c t i v i t y  of MDH. In
pea, the d ec l ine  in  s p e c i f i c  a c t i v i t y  with temperature  (14*^0 was compared
w i th 2 ^ 0 , was smal le r  than t h a t  recorded fo r  MDH from maize roo ts . .
With regard to  both these  p r o p e r t i e s  of MDH g r e a t e r  r e a c t i o n  r a t e  in  
pea as compared wi th maize ro o t s  i s  favoured a t  low temperatures .
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Cb). D i f f e r e n t i a l  response of  i n v e r t a s e  to low temperatures  in  pea and 
maize I t  was poss ib le  to r e l a t e  the  sugar l e v e l s  found in  the  ro o t s  
of e i t h e r  spec ies  a t  2°C to the p ro p e r t i e s  o f  acid i n v e r t a s e  e x t r a c t e d  
from the ro o t s .
In  pea, s p e c i f i c  ad ap ta t ion s  of  the  K ine t ic  p ro p e r t i e s  of  acid 
in v e r t a s e  to  low temperature cond i t ions  occurred following exposure ^
of the roo ts  to low temperatures  whereas in  maize the k i n e t i c  p r o p e r t i e s  4
of t h i s  enzyme were not adaptable  to cold .cond i t ions  and t | i i s  could |
be t raced  as the  cause of  the  d is turbance  i n  sugar metabolism noted 
above.
S p e c i f i c a l l y ,  in  pea r o o t s ,  a t  2 % ,  i n v e r t a s e  l e v e l s  were lower . à
than in  roo t s  grown a t  h ighe r  tempera tures ,  account ing fo r  the  h ighe r  
sucrose content  recorded in  ro o t s  a t  2^C, Km showed a grow th-temperaturo 
r e l a t e d  s h i f t  in  value which could be i n t e r p r e t e d  ps adapt ing the  roo t  
to low temperatures  -  follow ing growth a t  2^C the Km determined a t  t h i s  
temperature  was lower than t h a t  fo r  roo ts  grown a t  h igher  tem pera tures ,  
thus (1) increas ing s e n s i t i v i t y  of the  enzyme fo r  i t s  s u b s t r a t e ,  and
(2) prov iding fo r  a r e l a t i v e l y  f a s t e r  r a t e  of  r e a c t i o n ,  and so ‘ ■ 
opposing the  d e c e le r a t i n g  e f f e c t  of  low temperature on r e a c t i o n  r a t e  and 
mainta ining a c t iv e  metabolism in  the cold co n d i t io n s .
In  maize roo t s  i n v e r t a s e  l e v e l s  were h igher  in  roo t s  grown a t  
2®C compared w i th 20%, accoun t ing fo r  the d e p le t i o n  of sucrose in  the  ' 
roo t  a f t e r  f iv e  days exposure to 2% (and a sso c i a t ed  with t h i s  the lack 
of  cold to le ran ce  of ro o t s  of  t h i s  sp ec i e s ) .  Km did  not show a growth-
• _ • ..I
temperature r e l a t e d  d ec l ine  in  value  as was foumd in  pea and thus  does 
not possess the adapt ive  f e a tu r e s  shown by t h i s  enzyme in  pea.
\
Control  of i n v e r t a s e  sy n th es i s  and a l t e r a t i o n  of  i t s  k i n e t i c
'
p ro p e r t i e s  are  thus  seen in  pea to be important f a c t o r s  fo r  growth of
^ ' À' .  ‘î 1 4 0 . .  .........  .
pea roots  a t  2% ,  v ia  the consequences of  t h i s  enzyme on sugar metabolism. q
Conversely,  in  maize,  the  i n a b i l i t y  o f  t h i s  spec ies  to  con t ro l  enzyme 
a c t i v i t y  a t  low tempera tures  and f a i l u r e  to  adapt Km are  a ssoc i a t ed  with 
a d is turbance  to  sugar metabolism a t  low temperatures, ,  and, a r i s i n g  
from t h i s ,  a f a i l u r e  of ro o t  growth.
\ . . i
.■I
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A p pe n d i X I .  Method Cor the Quant i tat ive  e x t r a c t i o n  nnd ana lys i s  
of the soluble  carbohydra tes  In the d i s t a l  1 cm of roo t s  of nee and 
mo i z e . . '
P r i n c i p l e .
The method employed has been developed from th a t  of  Sweeley 
e t  a l . ,  1963, and E l l i s ,  1969. Mono- and d isaccha r ide s  were 
e x t r a c t e d  from the roo t s  of pea and maize in b o i l in g  e thanol  and 
then a l l  e thanol and water  was removed. The dry sugars were 
conver ted to v o l a t i l e  d e r i v a t i v e s ,  s u i t a b l e  fo r  a n a ly s i s  by GLC. 
They were resuspended in DMSO and conver ted to  t h e i r  t r i m e t h y l s i l y l  
(ÏMS) d e r iv a t iv e s  by r e a c t i o n  with excess HMDS plus TMCS.
Thorough shaking was requ ired  fo r  t h i s  re a c t io n  to  occur since DMSO 
and HMDSO ( the  r e a c t i o n  product of  excess MMDS and TMCS) a re .  
immiscible .  Completely dry reagents  and sugars were requ i red  s ince 
HMDS and TMCS re a c t  v i o l e n t l y  with wate r .
The TMS-deriva t ives of the  sugars have a s trong a f f i n i t y  
fo r  the HMDSO phase ( the  upper phase).  . ^ sample of t h i s  phase was 
i n j e c t e d  in to  the GLC, where i t  was vapor ised ,  and swept through 
a column conta in ing  m ethy l -pheny l -s i l icone  gum, by a flow of dry 
n i t rogen .  The TMS-deriva t ives were r e t a in ed  in the column fo r  
d i f f e r e n t  c h a r a c t e r i s t i c  lengths  of t ime. The i r  emergence from the 
column was recorded by a flame i o n i s a t i o n  d e te c to r  coupled to  a 
char t  reco rder .
Meth od
The d i s t a l  1 cm of the seed l ing  roo t s  were excised in a 
p l a s t i c  t r a y ,  on ,the base of which was etched p a r a l l e l  l i n e s  1 cm
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n pnr t .  During exc is ion  the roo t s  were bathed in c h i l l e d  d i s t i l l e d  
wate r .  Batches of approx imately 30 roo t  t i p s  were used (approx imately 
500 mg FW). Each batch was then put through the follow ing 
procedure;  3
1. Surface dry root t i p s  and obta in  the FW.
2. Boll gent ly  in 2-3 ml OCXji e th an o l .  Pour o f f  the  e thanol  in to  
a ro t a ry  evaporator f l a s k . .  Repeat 3 times in a l l .
3. ' Repeat stage 2, but us ing 60% e thanol and performing the 
opera t ion  only tw ice.
4. Evaporate the combined e x t r a c t s  to dryness on a ro t a ry  
evaporato r  a t  70%.
5. Store the e x t r a c t  over phophorus pentoxide 3-4 days u n t i l  
completely dry ,  and cont inue  t h i s  form of s to rage between a l l  
subsequent  s tages .
6. Resuspend in 1 ml DMSO by swi r l ing  occas iona l ly  o v e r . 24 hr .
7. Using an Oxford Sampler m i c rop ipe t te ,  p ip e t t e  0.2  ml r e s u s -  . '
pension in to  a "che r ry  b o t t l e "  (a round-bottomed f la sk  with 
gradua ted n e c k , v o l .  of  bulb approx. 1.0 ml, vo l.  of neck approx.
0 ,2  m l ) ,
8. Add 0.1 ml HMDS and shake manually.
9. Add 0,05 ml TMCS and immediately sea l  with para f i lm and shake 
vigorous ly  on a mechanical shaker fo r  90 secs .
10. Stand overn igh t  in  a phosphorus pentoxide d e s i c c a to r .  Two 
phases separa te  ou t .  The upper phase i s  HMDSO. The TMS- ' 
d e r iv a t iv e s  have a s trong a f f i n i t y  fo r  t h i s  phase.
11. Using a 2 ml sy ringe i n j e c t  DMSO in to  the lower phase i n . t h e  
bulb of the "che r ry  b o t t l e "  to  d isp lace  the upper phase in to  the 
gradua ted neck of the f l a s k ,  (The volume of the upper phase depends 
on the volume of t r i m e t h y l s i l y l a t i o n  reaaen t s  used, E l l i s  1969.)
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12. Immediately n measured volume ( 0 .5 - 1 .0  j i l)  i s  withdrawn from 
the upper phase for i n j e c t i o n  in to  the GLC. This  sample must be 
withdrawn quickly because some r e p a r t i t i o n i n g  of the  sugar d e r iv a ­
t i v e s  w i l l  occur over the  next few hours ,
13. Measure the volume of the  upper phase.
14. Result s  were obta ined from the GLC as a l in e  t r a c e .  Standard
so lu t io n s  of sugars,  t r e a t e d  s im i l a r l y  to  roo t  t i p  e x t r a c t s ,  gave 
sharp in d iv idua l  symmetrical peaks and the areas under these  peaks, 
c a lc u la te d  by m ul t ip ly ing  the  he ight by h a l f  the base length ,  was 
found to be propor t iona l  to  the  q u a n t i t y  of  sugar .  P l a t e s  2-3,  F ig .  27.
15. The GLC used was a Pye s e r i e s  104 with a*temperature programmer
and a flame i o n i s a t io n  d e t e c to r ,  l inked to a P h i l ip s  PM 8000
reco rde r .  The opera t ing  cond i t ions  were:
C a r r i e r  gas Nitrogen: Flow r a t e  30-35 n i l / rn in
Flame io n i s a t i o n  d e t e c to r  Hydrogen: Flow r a t e  30-35 ml/min .
Air: Flow r a t e  25-30 ml/min • -a
I n j e c t io n  hea te r  2 .25 "
Temperature programme 130-250% a t  6%/m in .
Column -  g la ss  (5 f t  x 1/4 in) packed with 1% E52 diotonii te CQ
0Attenua to r  20-50 x 10^
De tec to r  oven 250%
Paper speed of reco rder  1 cm/min.
16. To prepare the column used for  separa t ing  TMS-deriva t ives of 
mono- and d i - s a cc h a r id e s :
15-20 g d ia tom ite  CQ weighed out abso lu t e ly  d ry ,  1% of t h i s  
weight of E52 (methylphenyl s i l i c o n e  gum) then d is so lved  in ch lo ro ­
form. This i s  added to  the CQ to give a s lu r r y .  Evaporate to 
dryness under ' reduced pressure  a t  room tempera ture .  Pack in to  the  ■ 9’
GLC g lass  column evenly and "age" ( su b j e c t  to a tempera ture ,
A
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P i g .  2 7 .  R e l a t i o n s h i p  o f  peek n r e a  o f  GLC t t n c e  t o  o n e n t i t y  o f  s n g o r  (®— 0
f r u c t o s e ;  &— à  Glucose; V ▼ Sucrose) reac ted  in  the trinie thy] s i l y e t i o n
r e a c t i o n .  (The sugars were d isso lved  in 0 ,2  ml DMSO.' They were reac ted  
with 0.1 ml HMDS plus 0,05 ml TMCS. A IjH, sample was i n j e c t e d  in to  the 
GLC, Attenua t ion  50x10^, paper speed 1 cm/min. F u l l  exper imental  d e t a i l s  
given in  Appendix 1 . )  .
153; .
near the maximum opera t ing  temperature  to  be used,  fo r  severa l  
h o u r s ) .
17. The syr inge used fo r  i n j e c t i n g  the samples in to  the  GLC was 
1.0 j\ l  SGE sy ringe  and was r insed  ou t  between i n j e c t i o n s  with 
p y r i d i n e .
i
s
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Appendix 2. Method fo r  de termining the r e s p i r a t i o n  r a t e  of the  • . 
d i s t a l  I cm of the roo t s  of pen and maize s ee d l in g s .
Batches of ro o t s  were excised as in Appendix 1 but  with 
the bathing so lu t ion  being 0.05 M phosphate bu f fe r  pil 5 .5 ,  
e q u i l i b r a t e d  to the p a r t i c u l a r  temperature  to  which the roo t s  had 
been exposed. 20-60 root t i p s  per f l a s k  were found to be s u f f i c i e n t ,  
depending on the temperature .  Ind iv idua l  ba tches  of ro o t s  were 
divided equal ly  between two Warburg f l a s k s ,  each conta in ing  3 ml 
phosphate b u f fe r  in  the ou te r  w e l l ,  bu t  one conta in ing  0 .2  ml water 
in  the cen t re  well  ( t h i s  f l a s k  measures net gas volume change) 
and the o the r  0 .2  ml 5% potass ium hydroxide so lu t ion  ( t h i s  f la sk  
measures oxygen uptake) .  F lasks  were a ttached to a Gi lson 
re  sp iromete r  and immersed in a wate rba th s e t  a t  the temperature  to 
which the roo t s  had prev ious ly  been exposed (2, 6, ID or as
a p p ro p r i a t e ) .  The except ion  to t h i s  was at time 0 h r .  Here the 
roo t s  had exper ienced only the germination temperature of  20^C,
The r e s p i r a t i o n  r a t e  of these  roo t s  was determined a t  the above 
four  temperatures .  The apparatus  was e q u i l i b r a t e d  nt  l e a s t  30 
min. Then the valves  i s o l a t i n g  each f la sk  were closed to  s t a r t  
the exper iment.  At t h i s  time a check fo r  leaks was made by 
b r i e f l y  l i f t i n g  each f la sk  in turn  out  of the water  ba th .  ' A rap id 
change in the manometer f lu id  l eve l  occurred only i f  the  system 
was gas t i g h t .  The maximum time which elapsed from exc is ing  the 
f i r s t  roo t  to making the f i r s t  reading was l e s s  than 2 h r .
Readings of the volume change in each f la sk  were madp, usua l ly  every" 
10 min, over a period of a t l e a s t  1 tn?. The apparatus used was 
c a l i b r a t e d  to give readings  d i r e c t l y  in pi gas consumed or evolved
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per f i n s k .  These f ig u re s  were m u l t ip l i ed  by a c o r r e c t i o n  f a c to r  
dependent on the  atmospher ic pressure  and water vapour pressure  to 
ob ta in  the values  of  oxygen uptake or net  gas volume change, as 
app ro p r i a t e ,  for  each f l a s k .  Carbon dioxide  evo lu t ion  was c a l ­
cula ted  by s u b t r ac t i n g  the net  gas volume from the oxygen uptake 
fo r  a p a i r  of f l a s k s .
At the end of the  exper iment the roo t  t i p s  were recovered 
from the flasks-, surface  d r i ed  and then ovendried a t  BO^ C to 
cons tan t  weight thus obta in ing  the  dry weigh t .  R esul t s  were ex­
pressed as | i l  gas produced or consumed/mg DW/hr* All exper iments 
were dup l ica ted  and the average of the  r e s u l t s  ob tained i s  presented 
Dupl ica tes  agreed w i th in  5%.
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Appendix 3. To e x t r a c t ,  p a r t i a l l y  p u r i f y ,  and assay malate dehvdro-  f
aenase from the roo t s  of pea and maize s ee d l in g s .
Only ,the d i s t a l  1 cm of the  roo t s  was used.  These segments 
were excised in c h i l l e d  phosphate b u f f e r  0.1  M pH 6 .5  (con ta in ing  
KHgPO^  and K^HPO^), An acetone powder of t h i s  m a te r i a l  was prepared 
and proved to  con ta in  MDH a c t i v i t y  which was very s t a b l e ,  mainta in ing 
f u l l  a c t i v i t y ,  when resuspended, a f t e r  a t  l e a s t  10 iveeks s to rage  a t  
O^C. This  powder was prepared as fo llows: 'k
The roo t  t i p s  were sur face  d r i ed  and weighed ( a t  l e a s t  2 g were used) •
and then ground up in  ace tone using a mor tar  and p e s t l e ,  a l l  these
m a te r i a l s  being a t  - l l ^ C ,  The suspens ion was f i l t e r e d  through a
Buchner funnel and the  res idue  on the  f i l t e r  paper was spread on a ■
f r e s h  f i l t e r  paper t r a y  and the acetone allowed to evaporate  completely 
a t  room temperature (approx imately 24 h r ) .  The r e s u l t i n g  powder was , |
s tored  a t  O^ C u n t i l  assayed fo r  malate dehydrogenase a c t i v i t y  by the
following procedure:
A q u a n t i t y  of  the  powder was weighed (approx imately 200 mg) and 
resuspended in  phosphate b u f f e r  (approx imately 5 ml) by s t i r r i n g  very 
slowly with a magnetic s t i r r e r  a t  room temperature fo r  4 h r .  The r e s u s ­
pens ion was f i l t e r e d  through muslin and then heated fo r  10 min a t  55^C.
C e l l u l a r  d eb r is  was removed by c e n t r i fu g in g  a t  12,000 r .p .m .  fo r  10 min, 
a t  2^0, This resuspens ion  maintained i t s  MDH a c t i v i t y  a t  the i n i t i a l
* O ’l e v e l  fo r  a t  l e a s t  4 days when s to red  a t  0 C.
NAD as the enzyme conver ts  OAA to  malic  ac id .
Cuve t tes  were prepared con ta in ing  0,01. ml NADH (40 mg/ml), a 
volume of the enzyme resuspens ion  found to  give a s u i t a b l e  r a t e  of
1
The was determined spec t ropho tom etr i ca l ly  by following 
the  d ec l in e  in  absorbance of 340 nm, due to the  conversion of  NADH to
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r e a c t i o n  over the  range of  s u b s t r a t e  concen t ra t ions  used (u sua l ly
0 .05-0 .1  ml enzyme resuspens ion was r e q u i r e d ) ,  and a volume of b u f f e r  
to  b r ing  the f i n a l  volume to  2 .9  ml. The cuve t t e s  were placed in  a 
Unicam SP1800 Spectrophotometer in  a temperature co n t ro l l e d  j a c k e t  and 
allowed to e q u i l i b r a t e .  The r e a c t i o n  was s t a r t e d  by adding 0,1 ml of 
OAA. A range of concen t ra t ions  was used to give a f i n a l  concen t ra t ion  
range in  the cuve t te  between 0.0286 and 0.333 mM. Small volumes were 
in troduced in t o  the  cuve t t e s  on g la s s  spa tu las  which a lso  served as 
s t i r r e r s ,  as the volumes were in t roduced .
The d ec l in e  in  absorbance was traced on a Unicam AR25 Linea r  
r e co rd e r  paper speed 1 cm/min. The i n i t i a l  r a t e  of r e a c t i o n  was 
measured from the slope of  t h i s  t r a c e .  The Km was ca lc u la t e d  from a 
Lineweaver-Burke p lo t  by p l o t t i n g  the  r e c ip ro c a l  of OAA concen t ra t ion  "
a g a in s t  the r e c ip ro c a l  of r a t e  of r e a c t i o n .  This was performed by 
computer as descr ibed  in  Appendix 5 .  The e r r o r  quoted on the Km 
values was t h a t  due to  the s c a t t e r  of  the data  p o in t s .
The p ro te in  con ten t  of the  enzyme resuspens ion was determined ,i
by the Folin-Lowry method (Plummer 1971) .  Alkaline so lu t io n  was |
5
prepared by mixing 50 ml of  2% O.IN NaOIi with 1 ml of 0.5%
CuSO^.SH^O in  1% NaKTar tra te,  Fo l in -C ioca l teau* s  reagen t  was prepared
by mixing 1 p a r t  o f  commercial reagen t  (BDH F o l i n - C io c a l t e a u 's  phenol  ^ J
,1reagent)  w i th 1 p a r t  of water .  . j
I5 ml of the  a l k a l i n e  so lu t i o n  was added to  an appropr ia te  
volume of  the MDH resuspens ion (u su a l ly  0 . 1 -0 ,2  ml) ,  and the  volume 
made up to 7 ml w ith d i s t i l l e d  wate r .  The mixture was s t i r r e d  and 
l e f t  to stand 10 min. Then, while s t i r r i n g  v igorou s ly ,  0 .5  ml o f  the 
F o l in -C ioca l teau  reagen t  was. added. A f te r  s tanding 40 min the absorbance 
a t  750 nm was measured and r e f e r r e d  to a s tanda rd graph of absorbance 
prepared a t  the same time us ing 0 -0 ,6  mg of c r y s t a l l i s e d  bovine albumin.
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Appendix 4 .  To e x t r a c t ,  p a r t i a l l y  p u r i f y  and assay in v e r t a s e  from the 
roo t s  of pea and ma ize .
The procedure descr ibed  i s  t h a t  fo r  pea.  Mod if ica t ions  of 
t h i s  procedure fo r  maize are  given a t  the  end of t h i s  appendix .
Only the d i s t a l  1 cm. of  the  roo t s  was used. These segments 
were excised in  c h i l l e d  M cllva ine 's  b u f f e r  pH 7 .0 ,  (0.2M NagHPO^.ZH^O 
and O.IN C i t r i c  acid .H^O). A f te r  surface  drying the  f r e s h  weight wâs 
obtained ( s u f f i c i e n t  roo t s  were used to  y ie ld  approx imately 10 g) and 
the  roo t  t i p s  were then subjec ted  to the  e x t r a c t i o n  procedure below. 
The bas is  of the technique was to ob ta in  a p a r t i a l l y  p u r i f i ed  prepara ­
t i o n  of i n v e r t a s e  by (NH^l^SO^ p r e c i p i t a t i o n  of the  p ro te in  from an 
aqueous roo t  homogenate.
1. Grind up root t i p s  in  c h i l l e d  b u f f e r ,  pH 7 .0 ,  us ing a mo r tar  and 
p e s t l e  stood on i c e .  All  subsequent  s tages  a re  performed on ic e  to  
prevent déna tu ra t i o n  of the  enzyme.
2. Cent r i fuge  the  suspens ion a t  12,000rpm fo r  20 min a t  2^C.
3.  The p r e c i p i t a t e ,  in so lu b le  c e l l u l a r  m a te r i a l ,  i s  d is ca rd e d .  The 
supernatan t  i s  poured o f f ,  i t s  volume recorded and then s o l id  (NH^)So^ 
added to  b r ing to  30% s a t u r a t i o n .  The (NH^)SO^ i s  added slowly,  
s t i r r i n g  the superna tan t  c o n t i n u a l ly ,
4 .  Allow to stand 40 min during  which a f r a c t i o n  of the  pro te in  
p r e c ip i t a t e d  ou t ,
5.  Repeat s tep  2 on the f r a c t i o n  above,
6 .  Discard the p r e c i p i t a t e .  Pour o f f  the  superna tan t  and repea t  s t ep  
3, bu t  br inging to 40% s a t u r a t i o n ,
7. Stand 40 min. The f r a c t i o n  of  p ro te i n  which p r e c i p i t a t e s  ou t  
con ta ins  the  i n v e r t a s e  a c t i v i t y ,
8.  Repeat s tep  2 on the  above f r a c t i o n .
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9, Discard the  s u p e rn a ta n t .  The p r e c i p i t a t e  i s  resuspended in 
approx imately 50 ml M cllva ine 's  b u f f e r ,  pH 5 .1 ,  of one tenth" the 
s t r e n g th  g iven above.  The volume of the  resuspens ion i s  measured 
a c c u r a t e ly ,
10. The resuspens ion  i s  d ia ly sed  overnigh t  ag a in s t  the  l/TO s t r e n g th  
b u f f e r  a t  2®C, The d i a l y s i s  so lu t i o n  i s  renewed a f t e r  6 h r .  The 
volume of the resuspens ion a f t e r  d i a l y s i s  i s  recorded .
The p a r t i a l l y  p u r i f i e d  p repa ra t ion  of i n v e r t a s e  obta ined 
keeps i t s  f u l l  a c t i v i t y  f o r  a t  l e a s t  th r ee  days s to red  a t  O^C, “
The pro te in  con ten t  of  t h i s  p repa ra t ion  was determined as in  Appendix
3 .  , .
The Km of  in v e r t a s e  was determined by incuba t ing  the  enzyme 
in  a ,range of sucrose concen t ra t ions  and e s t im at ing  the r a t e s  of
hexose formation,  using Sumner's reagen t  (Sumner 1925) .  The procedure
i s  desc ribed below:
A s e r i e s  of incuba t ion  tubes was s e t  up, u s u a l l y  8, in  a
wa terba th  a t  cons tan t  tempera tu re .  Each tube conta ined 0 ,5  ml glucose  J
so lu t i o n  (1 mg/ml) in  M cllva ine 's  b u f f e r ,  pH 5.1  l / lO  s t r e n g th ,  and
.3 .5  ml of  the same b u f f e r  con ta in ing  d isso lved  sucrose .  A range of 
sucrose concen t ra t ions  was used from 1.3 -  40 mM giv ing a f i n a l  range |
of concen t ra t ions  in  the  tubes ( a f t e r  the  i n v e r t a s e  s o lu t i o n  was 
added) from 0.66  -  20 mM. The glucose  so lu t io n  was added as i t  was 
found to remove a lag phase in  glucose  product ion by the  enzyme (Lyne 
and apRees 1971).
The r e a c t i o n  was s t a r t e d  by adding 3 .0  ml enzyme s o lu t io n  
to each tube .  At t h i s  time and a t  appropr i a te  time i n t e r v a l s  fo r  
each concen t ra t ion  t h e r e a f t e r  1,0  ml samples of the  incuba t ion  mixture
"  '    ■ ■■■■;  ■ . ,
were p ipe t ted  ou t ,  and run i n t o  1,0  ml a l iq u o t s  o f  Sumner reagen t  
(see prepa ra t ion  below) .  This stopped the r e a c t i o n .  Immediately the 
samples in  the  Sumner reagen t  were stood in  a b o i l in g  wate r  ba th fo r  
5 min. The samples were then cooled in  the  in cuba t ing  b a th ,  1,0  ml 
d i s t i l l e d  water  was added to each sample and the absorbance of  the 
orange-red co lour  developed was measured on a Unicam SP1800 UV S pec t ro -  |
photometer a t  510 mm us ing a 3 ml cuve t t e  with 1,0  cm l i g h t  path* The 
absorbance i s  very temperature  s e n s i t i v e  and the cu ve t t e  c e l l s  in  
the  spectrophotometer were cooled wi th water  from the incuba t ing  ba th .
The absorbance i s  propor t iona l  to  hexose c oncen t ra t ion ,  and hexose 
s tanda rds  were prepared under i d e n t i c a l  condi t ions  to c a l i b r a t e  th e  
machine fo r  each exper iment.
Sumner reagen t  was prepared as fo llows:
10 g c r y s t a l l i s e d  phenol and 22 ml 10% NaOH were d is so lved  in  a l i t t l e  
wate r  and d i lu t e d  to 100 ml, 69 ml of t h i s  so lu t io n  were used to 
d i s so lv e  6 ,9  g sodium b i s u l p h i t e ,  and t h i s  was then mixed with a 
s o lu t i o n  con ta in ing  300 ml 4.5% NaOH, 255 g Roche l les '  s a l t  and 800 ml 
1% d i n i t r p s a l i o y l i c  a c id .  The reagen t  i s  k e p t - t i g h t l y  stoppered in  
well  f i l l e d  b o t t l e s .
Fo r  each incuba t ion  tube ( t o t a l  volume 6.5 ml) s i x , 1.0 ml 
samples were withdrawn a t  in c r e a s in g  t imes from time 0 min, wlien the  
in v e r t a s e  was added. A f te r  c o r r e c t i n g  the q u an t i ty  of  glucose  in  each 
sample fo r  t h a t  added i n i t i a l l y ,  r a t e  of  glucose product ion .was c a l ­
cula t ed  by p l o t t i n g  glucose product ion aga in s t  t ime. This  p lo t  was 
performed by computer us ing a l e a s t - s q u a re s  program to  ob ta in  the b e s t  
s t r a i g h t  l in e  through the  p o i n t s .  The slope of t h i s  l i n e  i s  r a t e  of 
glucose product ion .  The program i s  presented in  Appendix 5,  Over 
the  time courses used,  15 min f o r  the  h ighes t  sucrose concen t ra t ions
161;
and 4 h r  fo r  the lowest ,  the  r a t e  of  glucose product ion remained 
c o n s ta n t ,  i . e . :  s t r a i g h t  l i n e  p lo t s  were obta ined .
The Km was c a lc u la t e d  from a Lineweaver-Burke p lo t  by p l o t t i n g  
the  r e c ip ro c a l  of sucrose co n cen t ra t ion  ( l / s )  a g a in s t  r e c ip r o c a l  of 
r a t e  of r e a c t i o n  ( r a t e  of glucose product ion ,  l / v )  and d iv id in g  the 
slope of the b e s t  s t r a i g h t  l i n e  through the  po in ts  by the  i n t e r c e p t  on 
the l / s  a x i s .  This c a l c u la t i o n  was a lso  performed by the above com­
p u te r  programme. The e r r o r s  of the Km values were c a lcu la ted  from 
the s c a t t e r  of the  da ta  po in t s  about  the  b e s t  s t r a i g h t  l i n e s .
The following modif ica t ions  to the above e x t r a c t i o n  and 
assay procedure f o r  pea were made f o r  maize (s ince  the  pH optimum 
and Km of i n v e r t a s e  in  t h i s  spec ies  a re  d i f f e r e n t  from pea) .
1. M cl lva ine 's  b u f f e r  pH 4 ,6  replaced b u f f e r  a t  pH 5 .1 .
2.  The range of f i n a l  sucrose concen t ra t ions  in  the  incuba t ion  tubes  
was 1-50 niM,
3.  Samples withdrawn from the  incuba t ing  tubes were run in t o  1.0 ml 
Sumner reagen t  plus 0 .1  ml 10% NaOH. Th is  was requ ired  to  enhance 
co lour  development which was o the rwise  poor.  A f te r  b o i l i n g  the  samples 
fo r  5 min and then coo l ing ,  0 .9  ml d i s t i l l e d  water  was added to y ie ld  
the same f i n a l  volume of 3 .0  ml as in  pea.   ^ '
The e x t r a c t i o n  and assay procedures were developed from those 
used by H e l lebus t  and Forward (1962) and Lyne and apRees (1971),  and 
Arnold (1965).. . . ....
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Appendix 5 . Computer programme used to  f i t  the b est s tr a ig h t lin e  
Ihrough a s e r ie s  of  data points by the method o f  le a s t  squares.
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FORTRAN I V  G L E V E L  U4PS V 1 . 0 G M A I N 4 4 D A T E  = 7 5 0 6 9  T I M E  =  1 8 . 5 9 . 3 8
0 0 0 8
0 0 0 9
0010
0011 
0012
0 0 1  3
0 0 1 4
0 0 1 5
0 0 1 6
0 0 1 7
001 e
0 0 1 9
0 0 2 0  
0 0 2 1  
0 0 2 2
0 0 2 3
0 0 2 4
0 0 2 5
0 0 2 6  
0 0 2 7
0 0 2 8
0 0 2  9
0 0 3 0
0 0 3 1
0 0 3 2
0 0 3 3
1 20
. 4 0
S U M B 6 S = 0 . C D D  
S U M 8 1 5 = 0 . 0 0 0
S UMPRC=Û.ODO
READ AND W RI TE  OUTPUT H EA DI NGS
R E A D ! 5 , 1 2 0 )  N , I DA Y , J D A Y . MONTH, I Y E A R , R I N F O  
FORMAT!  I 3 ,  3 A 3 ,  I  5 , . A 4 ,  7AË>
I F ( N . E Q . 9 9 9 )  GO TO 9 9 8
WR I TE ( 6 ,  1 4 0 )  I DA y , JDA Y , MONTH , I YE AR , P. I  NF O
FORMAT!  • 1 ’  , 2 X , ' L I N E A R  L E A ST  SQUARES S O L U T I O N  F OR• , 3  A 3 , I 5 / /  
I I X , A 4 , 7 A 8 / / )
1 5 0  F O R M A T ! ' U N W E I G H T E D  L I N E A R  TR AN S FO RMA TI O N FOR * , 3 A 3 , I 5 )  
LOOP FOR S UMAT I ON OF SQUARES 
DO 2 0  0 1 = 1 , N
READ < 5 , i b u )  HR ! I ) , B S ( I )  , B I I  I  )
1 6 0  FORMAT ! 2 X , A 8 , 2 F 1 0 . 3 )
S U M B S = S U M R S + B S ! I )
S U M B I = S U M B I + B I < I )
SUMBBS = S U M 8 B S + B S I  I ) * B S ( I  ) 
b U M B l S  = S UM B IS  + B I I  I ) 4 B I ( I )
S U MP RD =S UMP RD +0 I  ! I  ) * B 5 (  I  )
X = B S ( I )
Y = B I  I I  )
2 0 0  C ON TI NU E
C OMPUTATI ON OF A AND B
X N = D F L O A T ( N )
P =XN * SU MP RD
Q = S U M B S * 5 U M B I
R =S UMBS *SU MBS
S = XN * S U H B B S  
T = S U M B I S 4 X N
I
, Hr
■Im i
T!
FORTRAN
0 0 3 4
0 0 3 5
0 0 3 6
0 0 3 7
0 0 3 8
0 0 3 9
0 0 4 0
0 0 4 1
0 0 4 2
0 0 4 3
0 0 4 4
0 0 4 5
0 0 4 6
0 0 4 7
0 0 4 8
0 0 4 9
0 0 5 0
0 0 5 1
0 0 5 2
0 0 5 3
0 0 5 4
0 0 5 5
0 0 5 6
0 0 5 7
I V  G L E V EL  4 4 P S  V 1 . 0  
U = S U M P I * # 2
G M A I N 4 4 DATE = 7 5 0 6 9  T I M E  = 1 8 . 5 9 . 3 8
D E L T A = ( S - R )
B = ! P - Q ) / D E L T A
A = ! ! S U M B B S * S U M B I ) - ! S U M B S* S U M P R D ) ) / D E L T A
C OM PU TA TI ON  OF STANDARD ERROR I N A AND B
DO 2 5 0  J = 1 , N  
B S C A L C ! J  > = ( B I  ! J ) - A ) / B  
D ! J ) = B S C A L C ( J ) - B S ( J )
W R I T E (6, 2 4 0 )  H R ( J ) , B S ( J ) , B I ( J ) , B S C A L C  t J ) , D!  J ) 
2 4 0  F O R M A T ! 3 X , A  6 , 4 ! 3 X , F 1 0 . 3 ) I 
2 5 0  C O NT I N U E
S I G M A = ( T - U - ( P - Q 1 * * 2 / DELTA I
Re = D S Q R T ! S I G M A / I  ! X N - 2 . 0 0 0 ) # D E L T A )  )
R A = D S O R T ( S U M B B S / X N ) * R B
OUTPUT
2 9 0  W R I T E ! 6 , 3 0 0 )  A , R A , B , R B
3 0 0  FORMAT!  ' O ’ , / / , 3 X ,  ' A  = '  , F i 0 . 4 , i O X , F 1 0 . 4  , •
4  ' ,* / / , 3 X , ' 8  = • , F 1 0 . 4 , i 0 X , F l C . 4 , '  STANDARD Î
2 K M = R / A
R Z K M = ( R * R A + A * R B ) / ! A * » 2 )
W R I T E ! 6 , 4 0 0 ) 2 K M , R 7 K M  
4 0 0  F O R M A T ! I X , / / , 2 C X ' K M = * , F 1 C . 7 , l O X , ' E R R O R  I N  KM 
GO TO 1 0 0
9 9 8  W R I T E ( 6 , 9 9 9 )
9 9 9  FORMAT ! ' 1 '  )
STOP
END
( S TA N DA RD  ERROR I N  A )  
RROR I N  B ) ' , / / / / )
= ' , F 1 0 . 7 )
|j
%
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